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Cotton Powder for Infrared Transmission Measurements’ 


By Florence H. Forziati, Walter K. Stone, John W. Rowen, and William D. Appel 


Cotton cut in a Wiley mill to pass a 20-mesh screen was ground in a vibratory ball mill 
similar to one that has been used in Germany and Holland. Contamination of the cotton 
was practically eliminated by using a chromium-plated hardened steel jar and chromium 
alloy balls. The jar holder is held by a slip ring instead of being bolted in place. The jar 
and holder automatically rotate slowly on their axis, and this motion counteracts the tendency 
of the cotton in the jar to settle and grind nonuniformly. The jar is cooled by blowing air 
over it and becomes barely warm to the touch. 

Five grams of dried cotton disintegrated rapidly during the first 15 minutes of milling. 
The largest particles remaining after 30 minutes of milling were about 10 microns in major 
dimension, and there was little reduction of the maximum size with longer milling. Cupram- 
monium fluidity of the cotton increased rapidly in the first hour of milling and more gradually 
thereafter. The carboxy! content of the cotton increased very slowly with time of milling 
and reached only about 0.2 percent after 8 hours. The moisture regain of the cotton at 
65-percent relative humidity at 21° C increased rapidly during the first hour of milling, from 
7.1 to 12.5 percent, and then remained practically constant. X-ray diffraction measurements 
showed that the cellulose was converted almost completely to the amorphous form in 30 
minutes, and that it underwent little change thereafter. 

The powdered cotton obtained from the vibratory ball mill was mulled in mineral oil. 
The resulting paste was injected into rock salt cells for infrared absorption measurements. 
The powder worked reasonably well in this procedure, distinctly better than the coarse powders 
obtained by other methods of grinding. No significant differences were found in the infrared 
absorption of a regenerated cellulose film, the cotton ground in a Wiley mill to 200 mesh, and 
cotton ground in the vibratory ball mill for periods of time from 15 minutes to 8 hours. 

It is concluded that the vibratory ball mill, as modified, reduces cotton, rapidly and 
completely, to a very fine powder, suitable for infrared transmission measurements and other 
purposes. Milling results in practically negligible oxidation of the cellulose, but in a marked 
decrease in degree of polymerization, and in almost complete conversion of crystalline to 
amorphous cellulose 


I. The Problem by these methods contained much coarse material. 
A method that would reduce the entire sample to a 


lhe first problem arising in the attempt to apply finely divided state, without contamination and 
infrared spectrophotometry to cotton cellulose was with a minimum of chemical change, was desired. 
0 prepare the cotton in a form suitable for intro- The work of Hermans and Weidinger [6] on cel- 
duction into the beam of the spectrophotometer. lulose, ground in a vibratory ball mill, suggested the 
\Microspectrophotometers applicable to single cot- possibility of this type of machine for this purpose. 
ton fibers were not available at the time the work This mill appeared to be quite different in its grinding 
was started, though promising instruments are now action from an ordinary ball mill [7]. Examination 
being developed [1, 2, 3, 4].2. Spectra obtained from of a sample of rayon ground in this type of mill led 
fibers laid side by side were not encouraging. Prep- to the construction of a similar mill. Several 
aration of films from the cotton, for example by changes in construction were made in order to fit 
converting it to cellulose acetate and then, as in the mill for this work. 
previous work [5], casting a film and deacet ylating This report describes the mill and discusses the 
t, did not seem to answer the problem, not only changes that cotton underwent when ground in it. 
because of the changes in structure that would result 
but because such a procedure would not be applicable II. Vibratory Ball Mill 
to some degraded cottons It was, therefore, decided 
to try to reduce the fibers to a powder and measure Descriptions of the vibratorv ball mill. the 
the absorption of the powder in a mat or in suspen- principle of its action, and a mathematical analysis 
sion In a suitable liquid of the motions of the balls in it, have been published 
Several well-known methods for grinding materials by Kiesskalt [7] and Bachmann [8]. Therefore, 
were tried. ‘They included grinding in a Wiley mill only a brief description of the mill built at the 
in Which the material is cut between fixed and National Bureau of Standards is given here. 
rapidly moving blades, in a ball mill using both stone The mill is illustrated in figures 1, 2, and 3. It 
and steel balls in a porcelain jar, and in a Waring consists of a horizontal shaft connected at one end, 
Blendor. An ultrasonic generator, operating at 8 by means of a flexible coupling, to a '-horsepower 
and 250 ma, was tried. The products obtained motor having a speed of 1,800 rpm, and at the other 
ert of werk dene under cooperative agreement with the United States ‘© 8M eccentric weight. The weight rotates in a 
ent of Agriculture and authorized by the Research and Marketing Act ea ciar-onneerenameeal 
ement is being supervised by the Southern Regional Research Labora Working drawings of the mill built at the National Bureau of Standards 


Bureau of Agricultural and Industrial Chemistry may be obtained upon request to the National Bureau of Standards, Textiles 
n brackets indicate the literature references at the end of this paper Section, Washington 25, D.C 
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Ficure 1 Vibratory ball mill 


Jar shown with transparent plastic cover instead of chromium-plated steel cover 





Vibratory ball mill 
safety guard for shaft in position, 


Ficure 2. showing spring suspension, 


housing suspended from leaf springs. <A cylindrical 
jar of approximately 1-liter capacity slips into a 
holder attached to the housing The housing, with 
attached holder and jar, is moved in a circular path 
by the rotation of the eccentric weight. Steel balls 
in the jar are set into rapid motion by this move- 
ment, and their collisions grind the material placed 
in the jar with them. 

The cellulose milled in P. H. Hermans’ mill con- 
tained inorganic material from the ceramic jar. 
Hermans suggested the use of steel balls to reduce 
contamination. Not only was this done, but the 
jar was machined from a solid block of Stentor tool 
steel. Trial runs were carried out with this jar, 
three-fourths full of '-in. steel balls, on 5-g samples 
of cotton, previously ground in a Wiley mill to pass 
a 20-mesh screen. At the close of a 3-hr run, the 
balls had lost their polish, while the sample was gray 
in color and contained about 0.4 percent by weight 
of iron 





Vibratory ball mill 


Ficure 3 
from left to right the jar holder, slip ring, and 
weight on the end of the shaft in the weight housing 


partly disassembled | } 


The jar was then hardened to “C” 61 Rockw: 
and chromium plated. The steel balls were replac: 
with chrome alloy balls of hardness of approximately 
“CC” 64. With this combination, the contaminatio: 
of 5g of cotton was less than 0.05 percent in a run of 
8 hr. 

Experience with the mill showed that the materia 
being ground tended to settle to the lower side of ‘hi 
jar. In order to insure uniform § pulverization 
was necessary to stop the machine at frequent inte: 
vals and redistribute the contents of the jar by ro 
tating it 180 Observations, through 
plastic cover, showed that the balls moved slowly 
in a direction opposite to that of the eccentric weight 
This suggested that the jar might rotate in the sam: 
direction as the balls if it were free to do so and thus 
automatically redistribute the charge. Accordingl) 
a slip ring, shown in figures 1 and 3, was substituted 
for the bolts with which the jar holder was originalls 
attached to the weight housing. With this chang: 
the jar rotates at a rate of approximately | rpm 
and the material being ground does not settle out 


degrees 


Ill. Changes in Cotton During Grincing 


Empire cotton (lot AP845), supplied by the South 
ern Regional Research Laboratory, U.S. Department 
of Agriculture, was used in studying the effects o! 
milling in the modified vibratory ball mill. This 
cotton was extracted for 8 hr in a Soxhlet with 
ethanol, washed with distilled water, dried in aw 
at room temperature, and ground in a Wiley mill 
to pass a 20-mesh Five-gram specimens 
were then dried for 1 week over magnesium p 
chlorate and placed in the jar of the vibratory mi! 
with enough \-in. chrome-steel balls to fill it thre 
fourths full. In order to minimize heating of th 
cotton during grinding, a fan was used to blow the 
room air over a jer. \ ithout this cooling 
temperature of the jar and balls rose to 65° © and 
higher in 3 hr of continuous milling. With the 
cooling, the jar was barely warm to the touch at 
the end of 8 hr. Cotton milled for periods of tim 


screen. 
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rancng from 15 min to 8 hr, was examined with 
t to particle size, fluidity in cuprammonium 


= m, carboxyl content, and moisture regain 
after exposure to air at 65-percent relative humidity 
at : 2c In addition, X-ray diffraction and infra- 
red transmission measurements were made. The 
res s follow. 


l. Particle Size 


\lieroseopic examination of the products mulled 
in a water-white mineral oil, figure 4, showed that 
the fibers disintegrated rapidly during the first 15 


min of milling. Some relatively large fragments 
were present after 15 min, but not after 30 min, of 


milling. The largest particles remaining after 30 
min were about 10 uw in major dimension. There 
was little or no reduction of the maximum size of 
the particles with longer milling. Although mulling 
produced a limited amount of fiber disintegration, 
it was used in the microscopic work to overcome the 
tendency of the particles of the milled samples t to 


form aggregates. 


2. Cuprammonium Fluidity 


The fluidity of the products in cuprammonium 
solution, measured by the Wilson and Launer modi- 
fication of the standard method [9], is shown in 
table 1 and figure 5. An extremely rapid decrease 
in the length of the cellulose chains is indicated by 
the increase in fluidity. This is in agreement with 
the results reported by Hess and his coworkers [10, 
11, 12]. They showed that the kinetic energy of the 
balls is converted directly into molecular vibrational 
energy of the material under impact. In addition, 
they found the degradation, as measured by solu- 
tion viscosity, to be independent of the temperature 
of milling between 0° and 90° C. 


TABLE 1 Effects of the milling on cotton 
Milling t um . 
filling Cuprammoniun Carboxyl Moisture 
wriod fluidity . regain * 
Hour Rh Percent Percent 
5.4 0.00 7 

4 15.2 03 10.3 

lo 25.3 03 11.9 

4 w4 03 20 

l “9 03 12.7 

2 1 OS 12.6 

4 51.9 1! 12.8 

Ss 57.7 22 12. § 

Att relative humidity and 21° ¢ 


ulated on oven-dray basis 


3. Carboxyl Content 


a he carboxyl contents of the products, determined 

the method of Yackel and Kenyon [1: 3], are shown 
in table 1 and figure 5. The increase in carboxyl 
content in the first hour of milling was extremely 
small. The small increase in 8 hr of milling supports 
the view of Hess and his coworkers [10, 11] that the 
elleet of this type of milling on the cellulose is 
primarily mechanical. 
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Figure 4 


Cotton that has been ground and then mulled in 
mineral oil. 


i, Ground in Wiley mill to pass 20-mesh screen; B, as in A and, in addition 
ground in vibratory bal! mill for 15 minutes; C, as in B but ground in vibra 
tory ball mill for 30 minutes; D, as in B but ground in vibratory ball mill for 
i hour 
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Figure 5 Cuprammonium fluidity moisture regain at 65- 


percent relative humidity at 21° C, and carboryl content of 
cotton verses time of milling in the vibratory ball mill. 


4. Moisture Regain 


The moisture regain of the powders when —— “l 
to air of 65-percent relative humidity at 21° C after 
grinding, table 1 and figure 5, increased aii 
during ‘the first hour of milling, from 7.1 to 12.5 





percent, and remained practically constant with in- 
crease in time of milling up to 8 hr. The moisture 
capacity of cellulose is generally considered to be 
proportional to the amorphous fraction of the cellu- 
lose. If this is so, the milling increased the propor- 
tion of amorphous cellulose in the sample. The 
fact that no substantial increase in moisture regain 
occurred after the first hour of milling indicates that 
the crystalline material was converted to nonerystal- 
line during the first hour. 


5. X-Ray Diffraction 


X-ray diffraction patterns of the powders, figure 6, 
were obtained with a Geiger counter spectrometer, 
operating at 40 kv and 15 ma and using copper 
radiation, » 1.54050 A The powders were packed 
in a flat specimen holder 0.8 mm deep and 13.5 mm 
in diameter 

\ rapid and profound change in the X-ray diffrac- 
tion pattern of the cotton resulted from milling in the 
vibratory ball mill. The 20-mesh control sample 
gave the X-ray diffraction pattern characteristic of 
the crystal lattice of cellulose I (native cellulose). 
The patterns obtained with samples that were 
milled for periods of time ranging from 30 min to 8 
hr showed only the broad diffuse band characteristic 
of amorphous cellulose [14]. The position of the 
bands in the pattern of the sample that had been 
milled for 15 min indicates that cellulose IL (mer- 
cerized cellulose) is formed during the early stages 
of milling in the vibratory ball mill and is then con- 
verted to amorphous cellulose 


COTTON CELLULOSE CONTROL 
MILLED '5 MINUTES 
MILLED 30 MINUTES 


MILLED 8 HOURS 


INTENSITY 
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Fieure 6 V-ray diffraction patterns of cotton that has been 
ground in the Wiley mill to pass a 20-mesh screen and then in 
and 8 hours 


the mbratory ball mill for 15 minutes, 30 minutes, 


The fieure hown on the curves give the interplanar spacings corresponding to 


tense bands 


6. Infrared Absorption 


The powders were prepared for infrared absorp- 
tion studies by mulling in water-white mineral oil 


and injecting into demountable rock salt cells. 
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“ial Kh 7 Infrared absorption spectra 


ons obscured by the absorption 


11 sare shown in the reg 
F512, Regenerated cellulose film; F504, cotton ground in W 
; , 


pass 20)-mesh screen and then mulled in mineral oil; F348, cottor 
vibratory ball mill for 15 minutes and then mulled in mineral oil 
as F338 except that cotton was ground in the vibratory bal! mil 


Cells of two or more thicknesses were used for each 
powder. Spectra, figure 7, were obtained with 
Baird spectrophotometer. The results show no 
significant differences between cotton that had been 
ground in a Wiley mill to pass a 200-mesh ‘ 
cotton that had been ground in the vibratory Dall 
mill for periods of time ranging from 15 min to 8 li 
and a film of regenerated cellulose [5]. Thus, such 
functional groups as may be introduced by milling 
the cotton in the vibratory ball mill are not detectabl: 
in the infrared absorption spectrum. The absence of 
an absorption band at 5.75 yw, the region of th 
spectrum in which the C=O of the carboxyl groups 
absorbs, is in agreement with the very low values fo 
carboxyl content, obtained by chemical means 
Such decreases in degree of polymerization as art 
indicated by the cuprammonium fluidities would not 
be expected to result in changes in infrared absorp 
tion. Thus, the infrared absorption measurements 
constitute additional evidence for the conclusion of 
Hess and his coworkers [10] that the degradatior 
produced by the mill is hydrolytic rather than 
oxidative. The possibility is not eliminated, how- 
ever, that oxidation may have resulted in the forma- 
tion of groups that were not detected by the infrared 
absorption measurements 


screen 


IV. Conclusions 


The results indicate that the vibratory ball mil 
as modified, reduces the cotton rapidly and com 
pletely to a very fine powder suitable for infrare 
transmission measurements and other purposes 
Milling results in practically negligible oxidation o! 
the cellulose, but in a marked decrease in degree o! 
polymerization and in conversion of crystallin li 
amorphous cellulose 
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Gravimetric Analysis of Exhaust Gas From Gas Turbine 
Combustion 


Chambers’ 


By Fillmer W. Ruegg and Carl Halpern 


Because of the high air-fuel ratio used in combustion chambers of gas turbines, the 
concentration of products of combustion is so low that standard volumetric methods of 
analysis have proved unreliable. A gravimetric method of anaylsis was developed and ap- 
plied to the problem, not to identify all of the constituents, but primarily to determine the 
efficiency of the combustion process In this method the products of complete combustion, 
water and carbon dioxide, are separated from each other and from the remainder of the 
sample, which is then passed into a furnace to burn the combustible components. Carbon 
dioxide and water are determined by change of weight of solid absorbents. Experiments 
showed that the method may be used to provide accurate information about the 
magnitude of the loss of heat due to incomplete combustion, and partial information about 
the nature of the components of the exhaust gas 


are subject to uncertainties, and an accurate method 
of analysis of the exhaust gas is useful as an inde- 
pendent check. The analysis also provides informa- 
tion regarding the nature of the components of the 
exhaust, which may be useful in the design and de- 
velopment of combustion chambers 

Accurate analysis of exhaust gases from gas tur- 
bine combustion chambers is difficult the 
fuel is burned with so much excess air that the con- 
centration of the products of combustion is very low. 
Because of this dilution the more common methods 
of analysis, such as that emploved in Orsat instru- 
ments, have proved unreliable. Gravimetric meth- 
ods of analysis are known to afford precise results 
when dealing with small quantities, and it appeared 
that such methods could be applied to the problem 


I. Introduction 


The primary objective of application of the com- 
tion process in combustion chambers of gas tur- 
bines, and in fact in nearly all of its applications, is 
the release of energy in the fuel to heat the working 
luid from its initial to its final temperature. Change 

temperature of the working fluid is an indication 

is enthalpy change, but temperature alone is 
nadequate to relate this enthalpy change to the 

available in the fuel. In order to obtain 
a relation, calculation of a heat balance in- 
ng rates of flow as well as temperature must be 

It is inconvenient or perhaps impossible in 
cases to make accurate measurements of 
tities, and it is in such instances that gas analy- 


} 
iS 


because 


] 
voly 


hese 


av be called upon to supply the desired infor- 
on about the efficiency of the combustion process 
in cases where the heat balance can be caleu- 
from experimental data, the measurements 


work described in this report sponsored by the Bureau of Aer« 


epartment of the Navy 


wus 


of analvsis of exhaust gas from combustion chambers 
for turbines. Jordan and Eckman {1}? used 
gravimetric methods for the determination of gases 
in metals. The application to analysis of exhaust 
gas would depend on efficient separation of the prod- 


yas 


Figures in bracket th iture references at the end of this pape 
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ucts of complete combustion, namely water and car- 
bon dioxide, from each other and from the remainder 
of the sample. It was proposed to make the sepa- 
ration by using solid reagents to absorb water and 
carbon dioxide, and then to burn the combustibles 
remaining in the gas in a furnace over copper oxide. 
Water and carbon dioxide formed by combustion 
could then be separated and absorbed similarly. 
Use of a relatively large volume of sample would 
serve to minimize effects of errors in weighing on 
the accuracy of the determ «nations. 

Separate determination of carbon monoxide, and 
relation of the amount so determined to the carbon 
dioxide and water produced by combustion in the 
furnace, wa* introduced to make the analysis more 
complete. Calculation of combustion efficiency from 
data of this type is possible, and the accuracy of the 
efficiency so calculated depends primarily on the 
completeness of separation of the various components 
and on the accuracy of the determination of the 
amounts of carbon dioxide and water before and 
after the treatment in the furnace. It was not pro- 
posed to identify and determine the quantity of each 
component of the exhaust gas, because it was con- 
sidered that the time consumed and equipment re- 
quired for such determinations would be prohibitive. 

It is recognized that sampling technique is im- 
portant if an accurate picture of the combustion 
process is to be had by gas analysis. As the primary 
interest was in the analytical technique, sampling 
was done to give an average sample rather than a 
picture of the combustion process at any particular 
point. The samples were taken at positions in the 
combustion systems where concentration gradients 
in the gas were at a minimum, the gas temperature 
was low enough that combustion reactions were 
probably stopped, and the problem of continued 
reaction in the water-cooled sampling probes did not 
arise 

The first application of the method at this labora- 
tory was made in 1944, and since that time the 
investigation has been continued to determine the 
accuracy and the most efficient form of application 
of the method 


II. Combustion Efficiency 


As one of the primary objects of exhaust-gas 
analysis is the determination of the efficiency of the 
combustion process, it is desirable to specify what is 
meant by combustion efficiency and what is re- 
quired for its calculation. The primary interest in 
combustion problems is in the increase of enthalpy 
of the working fluid, and consequently combustion 
efficiency is usually expressed in terms of heat 
quantities, or in terms that are related to heat 


quantities. Numerous definitions have been pro- 
posed, and three that are commonly used are 
Ah actual 1 
Np (1) 
Ah leal 


114 








AT actual 


Ui ., é 
A Tide 
n f ideal 
) f actual . 
The first definition relates the actual to the idea! 


change o enthalpy, and this has been considered thy 
orthodox definition. In practice, Ahgetua is evalu- 
ated from a knowledge of the initial temperature of 
fuel and air and the temperature of the products of 
combustion, and from a knowledge of the specifi 
heats of the components of the exhaust gas. Usually 
it is necessary to assume a composition, and th 
accuracy of the assumption will affect the accurac) 
of the evaluation of ». For many purposes, the as 
sumption is made that the actual products have th, 
same enthalpy-temperature relation as the products 
of complete combustion. The ideal change of 
enthalpy is generally replaced by the heat of com- 
plete combustion of the fuel, and therefore this 
definition is one that may be described as based on 
“stoichiometric’’ completeness. Heat of combus- 
tion of the fuel may be defined in several different 
ways, and generally the heating va'ue for combus- 
tion at constant pressure is used. There is no 
general agreement about the choice between thy 
lower and upper heating value, and opinions differ 
whether these enthalpy changes should be evaluated 
with respect to some standard re‘erence tempera- 
ture, 7), or to the initial temperature, 7), of th 
reactants. 

The second definition may be considered a 
approximation of the first. The third definition 
which was proposed by A. L. London [2], relates 
the ideal amount of fuel required to produce th 
observed temperature after combustion to the actua 
amount of fuel burned. These definitions are used 
by some investigators in the field of combustion 
Where the temperature of the products of combustior 
is high enough to cause dissociation of the carbor 
dioxide, water, oxygen and nitrogen, some investi- 
gators prefer to base the ideal rise of temperature or 
ideal fuel on the temperature that the gases attai 
when dissociation is considered and when equilibrium 
is established among the constituents of the exhaust 
gas. This is often referred to as ‘“‘thermodynami- 
cally’ complete combustion, and at temperatures ove! 
1,550° K, m» based on thermodynamic completeness 
will differ substantially from that based on stoichio 
metric completeness. 

This brief discussion has indicated that there is ne 
general agreement about the definition of combustior 
efficiency and that each can be calculated in various 
ways. Fortunately, it is unnecessary to furth: 
complicate the situation by injecting a differen! 
definition derived from data of chemical analysis 
Equation 1 may be used as the basis for defining 
mn, With suitable rearrangement to accommodate tli 
type of data obtained from chemical analysis 
Equations 2 and 3 require calculations that a! 
lengthy and more complex. 
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the purpose of these calculations, it may be 
ied that the air and fuel are brought together 
nperatures 7, and 7;, respectively, and that 
eight ratio of fuel to air is f. Further, it may 
ssumed that the air and fuel mix at constant 
ire with no change of phase and arrive at a 
non temperature 7,. A heat balance equation 
be set up, 


f[hltt=[hel 7 (4) 


and this may be solved for 7;. After the fuel and 
air mix, it is assumed that combustion takes place 
at constant pressure and that products of combustion 
of amount (1+-f) are formed. 

Equation | may be written in the form 


Ah actual (1+ Alki 7? (5) 
Ahia, al f(SHe)r, 

which states that », is the change of enthalpy of the 
products of combustion divided by the specific lower 
heat of combustion of the fuel for isothermal constant 
pressure reaction at the initial temperature. The 
negative sign indicates an exothermic reaction. It 
can be considered that the reaction takes place in 
two steps, the first of which is an isothermal reaction 
forming the actual products of combustion, and the 
second step is one in which the heat of the isother- 
mal reaction is applied to the products to raise them 
to temperature 7). Thus the numerator of eq 5 
may be written 

(1+ Dlhol (AH ctuat) 7; (6) 
where (AH actuai) r, is the heat of reaction at 7), in 
which the actual products of amount (1+/) are 
formed. In the real case, combustion is not com- 
plete, and the heat that can still be produced by 
continued reaction is determined by the difference 
between the heat of combustion of the fuel and the 
actual heat of reaction. Thus if the products of 


(SAH fy rod LAH feomp To T [Reomb +09] Fr [prod 


(SAI f proa 


The magnitude of the change of heat of combustion 
with temperature for some of the more common fuels 
and products of combustion was calculated, and it 
was found that the change is small. The most 
extreme change, for hydrogen, is only about 3's 
percent over the range from 0° to 1,000° K. Hence 
this effeet may usually be neglected, and the enthalpy 
terms of eq 11 may thus be ignored. 

Obviously, if the combustibles are not identified, 

not possible to use the value of their heats of 
mation, and hence it is necessary either to neglect 
term in the numerator of eq 11, or to estimate 
value. The heat of combustion of saturated 
ocarbons is generally about 90 to 97 percent of 
sum of the heats of formation of their products 


LAH fuer, T 


incomplete combustion were caused to react to com- 
pletion at temperature T,, the heat of this reaction 
would be determined by 
(AM), f(AHe)r, (AH sctuai)r, 
If eq 7 is solved for (AH setuai)r, and if its value is 
substituted in eq 5, 9» will be defined by 


(AH), 
” f(He)r, 
which is approaching a form amenable to application 
of data from exhaust gas analysis. 

If all of the components of exhaust gas could be 
identified and determined quantitatively, it would 
be only necessary to find in the literature the values 
of the heat of reaction (or combustion) of the various 
components, and enter these values in the numerator, 
weighted according to the relative amounts of each. 
However, a complete determination of all the com- 
ponents would be extremely difficult, and some other 
means of arriving at a satisfactory answer is neces- 
sary. By standard thermochemical procedure we 
may write for oxidation of the combustible material 


(AH), (SAH f products LAH feombust bles) 75) 


r r 
Tt [heombust bles] Tr, [A products] r, j 


and for the fuel 


f(MHe)r, = —(ZAH f products —2MH fuel) re 


ry 


T [Atuctsoo}r) [h products | ra 


where A//f is the heat of formation. The amounts 
of products and reactants are determined by the 
chemical equation for the complete oxidation of 
combustible and of fuel in amount f. Substitution 
of eq 9 and 10 in eq 8 leads to 


. { l l } 
alr! [prod 4, 


lh fuel 


of combustion. If for these hvdrocarbons, the sum 
of the heats of formation of their products is used 
in eq 11 and if their heats of formation are ignored, 
an error will be introduced, amounting to about 0.03 
percent to 0.1 percent for every | percent of combus- 
tion loss due to these compounds. In the case of 
olefins the error will be smaller, and for acetylene, 
the error thus introduced will amount to about 0.2 
percent, but it is doubted that acetylene is present 
in exhaust gas in any significant amount. For 
partially oxidized compounds, such as carbon 
monoxide and formaldehyde, the error will be still 
larger, but these compounds may be identified and 
their quantity determined with relative ease, and 
the correct values can be used in the equation for n, 
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From these considerations, eq 1] may be reduced to where the terms in the numerator are from t| i 


Ee roe burned material, and the weight of total cx :bo, 
Ne ( SA// f ); 12) dioxide is the sum of the carbon dioxide origina 
i “i — the sample and the carbon dioxide from the unb 
he heats of formation of carbon dioxide and water material. The quantity of total water is not « 
are well established and are listed below mined experimentally but is calculated from th 
C+0,—-CO,, AHovs 130% 2,137 ecal/g CO,, hydrogen and carbon content of the fuel. All tormes 
of this equation may be divided by the heat of for- 
H, T + ). *H,O, A/l, is A 3,208 cal me H,O. mation of carbon dioxide, which leads to 
All products and reactants are gaseous, except car- (wt CO,)+1.50(wt H,O) 
bon, which is graphite. These heat values are listed n=! wt total CO,)-+1.50 (wt total H,O 4 


on a weight basis, since the components are deter- 
mined by weight in the analysis 

Let it be assumed that the weight of carbon dioxide 
originally in the exhaust gas sample, and the weight 
of carbon dioxide and water from combustion of 
unburned material have been determined. With this 


Carbon monoxide is present in exhaust gas in rela- 
tively large quantity, and therefore it is necessary to cop 
correct for it. Let it be assumed that a separat: 
analysis has determined the quantity of carbo 
dioxide from combustion of carbon monoxide. Thy 


information, eq 12 may be written ratio of the heat of combustion of carbon monoxid: ”) 
n | 2137 (wt CO,) +3208 (wt H,O) 13) to the heat of formation of carbon dioxide is 0.719 pen 
2137 (wt total CO,) +3208 (wt total H,O) and hence eq 14 may be corrected to the following abs 

pho 


0.719 (wt CO, from CO) + (wt CO,—wt CO, from CQO) + 1.50 (wt H.O) : on 





>= I : - ash 
, wt total CO,+ 1.50 (wt total H,O) : ' 
Chr 
. . ' con 
Similar modifications to eq 14 may be made for other (vol CO.) .=vol CO pew 
compounds if the necessary information is determined . oa 
about their quant \ ; wt free CC ), 1 CO, from combustibles : the 
If the volume fractions of carbon dioxide and car- wt tree CO. ?, 1s and 
bon monoxide in a gas sample are known in addition are 
to the weight of free carbon dioxide, then the amount hot! 
. may be used to establish the concentration for th: 
of carbon dioxide from combustion of the carbon - atte 
hypothetical case of complete combustion. This nag 
monoxide may be calculated by the following equa- ; lhe 
tion: ‘ F equation is not strictly correct, but its accuracy is 
on: et . . har ’ 
ICO sufficient for the present purpose.  <Air-fuel ratio ey 
wt CO. from CO= *° CO At CO.) (16) may then be calculated by the equation ws 
: vol CO ; ~e 
2 | - 
- : , 240 ( alii ; ss 
The amount of total water may be calculated from i (vol &% CO.) +7.15(1—C), 19 ( 
the observed total weight of carbon dioxide by the . ais hae TIX 
equation, a ; ; . ; chlo 
: where C is the weight fraction of carbon in the hydro- T 
wt total HO—(wt total CO at. wt ( carbon fuel. This equation may be derived from the ons 
~ mol. wt CO, chemical equation describing the relation among hott 
reactants and products of complete combustion of hall 
mol.wt H.O_ wt H 7 hydrocarbon fuels in air. If a gas sample representa- who 
mol.wt H wt C , tive of average conditions in the combustion chambe! hott 
is desired, then the air-fuel ratio by gas analysis mas 0 1 
where the weight percent hydrogen and carbon in the be used as a criterion in judging the quality of th cont 
fuel is either estimated from its physical properties sample 
[3] or determined directly by methods such as out- om 
lined in reference [4] III. Experimental Apparatus thin 
\ir-fuel ratio by gas analysis of this kind is based - prok 
on the volume fraction of carbon dioxide in the dry Che combustion train used in this laboratory was spac 
gas as established by the volumetric analysis. When patterned after that described by Wagman and Koss 
combustion is complete, carbon dioxide concentration D1 [4]. 
may be used as an indication of the air-fuel ratio, and \ diagram of the assembled apparatus is show! 
the relation figure 1, in which A represents a source of com 


116 





the 


his 


tlo0 








sed air; B, control valve; C, 3-gal jar filled with 
vated alumina ; 7), mercury manometer; /£, quartz 
bustion tube containing copper oxide wire; F, 
- heater; G, female Pyre x connection, standard 
"HL. graded seal, quartz to Pyrex; J, Pyrex 
rption tube containing in order, anhydrone and 
rite: J, Pyrex absorption tube containing in 
r ascarite and anhydrone; K Pyrex absorption 
containing phosphorus pentoxide. Components 
of the system PB through A comprise the purification 
section Lisa three-way stopcock; M, 16-liter 
stainless-steel sample container; .V, three-way stop- 
0, Pyrex glass cold trap; P, female Pyrex 
connection, standard taper; Q@ and R, electric 
heaters; S, quartz combustion tube packed with 
copper oxide wire; 7, graded seal, quartz to Pyrex 
and (7, flow meter; 1, Turner absorption bottle 
containing in order drierite and phosphorus pentox- 
separated by asbestos; 2, Turner absorption 
bottle containing in order ascarite and phosphorus 
pentoxide, separated by asbestos; 3 and 5, Turner 
absorption bottles containing in order anhydrone and 
phosphorus pentoxide, separated by asbestos; 4 and 
6, Turner absorption bottles containing in order 
ascarite and phosphorus pentoxide, separated by 
asbestos These bottles may be closed by turning the 
body under the cap. Temperature is measured by 
Chromel-Alumel thermocouples placed along the 
combustion tubes. Components 0 through Ul and 
absorption bottles 1 to 6 comprise the analysis 
section The combustion tube is made of quartz; 
the length is 100 em; the internal diameter 20 mm; 
and the wall thickness 5 mm. Only the last 55 em 
are heated in the furnace. The Turner absorption 
bottles that contain the reagents were modified by 
attaching 12/5 male spherical joints to the caps. 
The cold trap was made of Pyrex glass, the inner 
tube of which was wrapped with glass wool, and a 
side arm was used to insert a copper-constantan 
thermocouple to measure the temperature of the ga 
The freezing mixture, which gives a temperature of 
78° C, was prepared by ace ling ¢ ‘rushed dry ice to a 
mixture of equal weights of carbon tetrachloride and 
chloroform 


The balance used has a capacity of 200 g and a 
sensitivity of 0.1 mg. Before weighing the absorption 
bottles, the lubricant was carefully washed from the 
ball joints with carbon tetrachloride, and then the 
whole surface was washed with ethyl alcohol. The 
bottles were allowed to rest in the balance case for 
20 min before weighing. A closed absorption bottle 
containing ascarite was used as a counterpoise. 

The gas sampling tube consisted of an outer 
nominal -in. standard iron pipe with an inner \-in 
thin-walled copper tube. This sampling tube, or 

be, was cooled by passing water through the 
space between the tube and pipe. 

lhe stainless steel container had an internal 

ume of 1,000 in. and was fitted with a needle 

ve at each end and with a compound vacuum- 
ssure gage. Gas was drawn through the inner 

« of the water-cooled probe and pumped into an 

lated tank by a diaphragm pump to a pressure 
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of about 30 lb/in. gage. In some cases samples were 
collected at combustion-chamber pressure (usually 
near atmospheric) by connecting the evacuated 
container directly to the probe and opening the valve. 

The volume fraction of carbon dioxide in the 
sample was found by analyzing a portion in an 
improved Orsat apparatus as described by Shepherd 
[5]. Colorimetric tubes described by Shepherd [6] 
were used to determine the carbon monoxide content. 
These tubes contain palladium sulfate and am- 
monium molybdate on silica gel. Passage of gas 
over this material produces a change of color, and a 
comparison with color standards indicates the 
concentration of carbon monoxide in the gas. The 
colorimetric tubes used in this investigation were 
designed and calibrated for passage of 90 ml of gas 
at the rate of 1% ml/sec, and the change of color 
indicated concentration of carbon monoxide from 
0.0025 to 0.020 percent by volume. Usually it was 
necessary to dilute a portion of the exhaust gas with 
air and pass 90 ml of the mixture through the tubes. 
The cencentration of carbon monoxide in the exhaust 
gas was then calculated from the observed concen- 
tration in the mixture. 


IV. Analytical Procedure and Results 


Air was passed through the system until the fur- 
naces reached the operating temperature of 1,000° C 
the absorption bottles were put in place, and then 
the exhaust gas was passed through the analyzing 
section of the system. When the gas sample in the 
container was at atmospheric pressure, it was dis- 
placed into the analysis section by air from = the 
purification section. For samples at higher pressure, 
the gas was discharged into the analysis section, and 
the rate was controlled by adjustment of the needle 
valve on the sample container. The sample rate in 
most experiments was 400 ml/min. After the 
sample was passed through the cold trap and bottles 
1 to 4, inclusive, the condensate in the trap was 
volatilized by gentle heating and flushed directly 
into the furnace and thence to bottles 5 and 6 by 
air from the purification section. All bottles were 
removed, and the combustion tubes were then 
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allowed to cool while the flow of air was continued. 

While this part of the analysis was in progress, a 
small sample of the exhaust gas was analyzed for 
its carbon dioxide and carbon monoxide content. 
These data, in conjunction with the observed increase 
of weight of absorption bottles 2, 3, 4, and 6 were used 
to calculate combustion efficiency. Change of 
weight of bottle 5 was not measured since water 
vapor condensed in the trap and susequently was 
absorbed in bottle 5. Hence it was necessary to 
estimate the quantity of water from combustion of 
condensed hydrocarbons, and this was done on the 





by subtracting 8 mg, as it was found that this an yp; 
of carbon dioxide was held up in the trap, s 
gas and some occluded or dissolved in the conde) <a, 
This correction was established by flowing ex) ays; 
gas samples of the same size and compositio), (39 
liters containing about 3 vol % carbon dioxic 
through a cold trap at —78° C and then warming 
and flushing the condensate into two absorption 
bottles by a stream of air free from carbon dio xic 
water, and combustibles. The increase of weigh; 
of the ascarite bottle varied in four tests from 9.9 
to 10.4 mg and averaged 10 mg. It was estimated 








2 Ip 0 that the cond a ——— was original that approximately 6 mg of this observed change was dup 
uel. Equation 17 was used with the change of que to gaseous carbon dioxide remaining in thy con: 
weight of bottle 6 to calculate the water of combus- z 9 snail . T 
Sf - trap, and 2 mg due to adsorbed hydrocarbons. Syb- 
tion in bottle 5. eatian a eneidinil ti f “hee 
. - : : . “acting 1ese estimated corrections tro f . 
Experimental results from a series of tests in which oI  etahe of left 2 wan ee & 
80 octane unleaded gasoline was burned are presented served change of weight 0 10 mg lett < mg of carbon 
in table 1, in which the observed changes of weight dioxide dissolved or occuluded in the trap. The tests 
of the various absorption bottles are listed under Were made without flushing the cold trap with air 
the numbers that identify the bottles in figure 1. before volatilizing the condensate, and the correction 
Change of weight of absorption bottle 6 was corrected to bottle 6 in these tests was considered to be 8 mg 
TABLE 1. Analyses of exhaust gas 
Observed change of weight of bottle number Combustion loss 
C,H, and H, C,H, in trap 
Run COr co CO as determined as determined as 
2 : i. or co 
CO, H,O CO» » H,O ' 
9 g g g g , waa 
l 1. 642 0. 0266 oO. 1800 0. OBS8 0. 226 2. 87 0.16 2.12 214 12 211 1. 36 ¥ 
2 1. 5161 O1LSO 11s) 0393 14 2) 15 2.07 1.2 0. OS 1.42 0. 92 
; 1. 4163 O169 1286 0339 163 3. 02 »”) 2 60 131 97 1. 30 84 Vol. ¢ 
4 1. 5161 0197 1449 0371 182 3. 8 16 1.9 2.51 1.0 1. 32 sti n Vol. ¢ 
5 1. 4178 0217 1395 0573 197 3. 10 18 2. 23 2.12 1. 22 2.15 1. 39 »9 = : 
6 1. 4827 0244 1463 0536 200 10 17 2.09 2.3 1. 32 1. 93 1.2 H:0 | 
7 1. 4600 0226 1463 0633 210 3.01 Is 2.29 2.12 1. 23 29 1. 49 x : 
. 1. 7377 0263 1688 0437 212 18 16 1. 96 2.51 12 1. 36 0. && 2 
u 1. 2106 ooo oO107 OSU (2p 377 o2 on 0. 21 0. 02 0.43 as ~” 
10 1.3144 O162 1189 O516 171 2. 57 I 2. 32 1. 62 1.6 2.10 1. 36 
* Corrected for 8 mg of CO, retained in cold trap 
Caleulated from the amount of CO, from C,H, in trap, assuming that the composition of the condensate was the same as the fuel, 85% of C and 15 Ht 
weight ah 
I 
An independent check on the amount of carbon of gas containing 2 percent by volume of carbon wer 
dioxide occluded in the trap was obtained by a_ dioxide was thus 1.6 mg. These results are in good the 
volumetric method. As before, about 32 liters of agreement with the gravimetric determination of the 
exhaust gas, containing 2 percent of carbon dioxide 2 mg, when the difference of carbon dioxide concen- siste 
by volume in this case, was passed through a trap tration in the samples is considered. If 2 mg is this 
at —78° C, and the trap was purged at low temper- considered applicable to the data of table 1, neglect esta 
ature with air free from carbon dioxide. It was then of this factor would have decreased the indicated 9 test: 
connected to an evacuated container (with a small by about 0.1 percent. This correction, however, ma) wert 
trap at 0° C between) and warmed to about +80°C. be dependent on the carbon-dioxide content of th oxid 
The small trap at 0° C was used to collect water and exhaust gas, the apparatus used, rate of flow, et prot 
some combustibles. It was realized that some and probably must be determined for the special of w 
carbon dioxide would possibly be held up in the conditions under which the analysis is made bj) t 
small trap, but probably in insignificant amount. Loss of combustion efficiency was calculated from the 
sin on a in won —— ae was the experimental data for the various types ol | 
WAL , “oO ’ =* . = ° ° | } 
analyzed by treating with alkalt in an Orsat appa- — ombustible material, and the results are presented | 
ratus, and the contraction in volume was considered . ah : . . ; ; , 
. ‘eet in table 1. These data indicate for these samples a 
to be the volume of carbon dioxide from the cold \ 


trap. Five tests of this type were made, giving an 
average volume of 0.9 ml and an average weight of 
1.6 mg of carbon dioxide. The weight of carben 
dioxide was estimated from the observed volume 


The average amount occluded from about 32 liters 


combustion loss due to carbon monoxide of about 
2 percent, that from hydrocarbons and hvdroget 
that passed through the trap about 3 percent, and 
that from combustibles of higher molecular weigh! 
retained in the trap also about 3 percent. 
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V. Accuracy of the Method 


hree samples of known composition were pre- 
d and were diluted with air until the resulting 
mitures contained components in concentrations 
t! are considered typical of exhaust gases from 
combustion chambers. If it is assumed that these 
mixtures of known composition resulted from 
burning a fuel (gasoline) containing 85 percent of C 
and 15 percent of H by weight, then the combustion 
efficiencies would have been 94.7, 98.5, and 87.6 
percent. The degree to which these values could be 
duplicated by the results of the analyses would 
constitute a check on the method. 
The dependency of the values of combustion 


TABLE 2. Analyses 


efficiency, which it is desired to check, upon the 
ratio of carbon to hydrogen in the fuel is slight. 
If the fuel that had been burned to give the first 
sample had been propane, which consists of 81.7 
percent of C and 18.3 percent of H, then the effi- 
ciency would have been 95.1 percent instead of the 
figure 94.7 percent for gasoline. 

Data on the samples of known composition, and 
on the analyses of these samples, are given in 
table 2. The cold trap was not used in these tests. 
The agreement of the values of combustion efficiency 
calculated from the analytical results, with those 
calculated on the basis of the known composition, 
indicates that the method is capable of yielding 
reliable values of efficiency. 


of prepared samples 


Sample composition 


Sample number 1 2 3 
Mole percent of C Hy, 2. 35+0. 05 
Mole percent of CO 2 60+40.05 0. 4640.025 | 4.15 
Mole percent of H» 2. 580. 05 58+0.025 4.20 
Mole percent of CoH, 51+0.025 | 4.20 
Mole percent of CO, 92. 47 OR. 45 87. 45 
Calculated comb. eff.+ 04.7+0.1 OS. 5+0. 1 87.6 
Analytical results 
Run number l 2 3 4 } 6 7 8 i) 10 il 
Sample number 1 l 1 I 2 2 3 3 3 3 ; 
Sample rate, ml/min 400) LL 400 400) 400 400 150 250 O00 SOO SOO 
\ CO», after dilution, ‘ 2.7 2.3 24 2.6 2.3 2.5 29 2.5 
30 110 74 a7 4 6 70 sO) 73 a) 73 
CO te xptl 0. 090 0. 059 0.013 0.04 oO04 0.04 0. 05 O4 
\ CO (known), “;' 076 064 Ol 13 11 12 14 12 
CO», bottle 2, g 2. 0491 0. 4785 5304 WAT 0. 4970 N31 2788 Zs43 3439 4.54N 3782 
CO, bottle 4, g 0. 1082 0242 0288 0239 0065 OO5S O416 0380) 0572 625 O548 
H,O bottle 3, g 0643 0127 o174 O152 0036 0037 Ols1 0211 0237 O289 0278 
Comb. eff. from analytical data 94.7 95, 2 04.6 04.6 oR. 6 oR. 3 87.7 87.6 aa. 2 aA 4 87.2 
nb. eff., cale 94.6 +01 4.6 +01 04.6 +0.1 04.6 +01 o.6 +01 *“.6 +01 ae 4 ak. 4 ka 4 aa 4 RA 4 


» calculated, using eq 11 Fuel assumed to have been 85 
In runs 7 to 11, the known value of CO was used in the calculation of 
caleulated, using eq 15 


Tests on the third sample of known composition 
were made to determine the effect of rate of flow on 
the analytical results. At the rate of 800 ml/min, 
the computed combustion efficiency was less con- 
sistent, and it was deemed advisable to stay below 
this rate for better precision. It was decided to 
establish a rate of 400 ml/min as a standard, since 
tests at this rate on the first two known samples 
were satisfactory. Determination of carbon mon- 
oxide Was inaccurate in the tests of the third sample, 
probably because of the relatively high concentration 
of unsaturated material in the gas. Shepherd states 

that unsaturated organic compounds interfere in 
the determination of carbon monoxide by this 
method. Combustion efficiency was computed using 
the known concentration in order to better determine 
the accuracy of the gravimetric part of the analysis. 

\ccuracy of the results of the tests of the prepared 
simples also may be determined by a comparison of 

experimental with the known values of the ratio 
he weight of carbon dioxide from combustibles 
he free carbon dioxide in the sample. A compar- 
can also be made of values of the ratio of water 


of C, 15% of H, and Ale/ZAH/=0.965 


from combustibles to free carbon dioxide. Combus- 
tion efficiency is determined by the values of these 
ratios, and an accurate determination is desirable 

Average values of these ratios are plotted in figure 
2, and it may be seen that the value of the carbon 
dioxide ratio determined by analysis in the combus- 
tion train is very close to that calculated on the basis 
of the known composition. Values of the ratio of 
water from the combustible material to the weight 
of carbon dioxide in the third sample is somewhat 
higher than the known value, but agreement is good 
for the first and second samples. 

Another check on the accuracy of the analytical 
method was by a comparison of combustion efficiency 
by gas analysis with that established by heat balance 
across several combustion chambers. Analyses were 
made using the original method in which the cold 
trap was not used, and it was on the basis of these 
tests that the procedure was revised. 

Seventeen analyses were made on exhaust gas from 
combustion of gasoline, and seven were made on gas 


from combustion of kerosine, or fuel similar to 
kerosine. When gasoline was used, combustion 
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efficiency indicated by gas analysis was on the 
average 2 percent higher, and after correcting the 
heat balance observations for such factors as loss of 
heat from the system and thermocouple, incomplete 
recovery of dynamic temperature, and the small 
water content of the air, the difference was reduced 
to 1 percent. When kerosine was burned, the differ- 
ence was considerably greater and in the same direc- 
tion. In this case it was considered that the major 
part of the difference was caused by loss of combus- 
tible material from these samples by condensation 
in the sampling probe, vessel, and connecting tubes. 
This explanation did not seem to apply to the sam- 
ples from combustion of gasoline. In this case it was 
found that combustibles of higher molecular weight 
were adsorbed in bottles 1 and 2. It was for this 
reason that the procedure was revised to include the 
use of the cold trap. By this means these combus- 
tibles could be separated from the gas before passage 
through the adsorption bottles and later passed 
directly into the furnace. 

A series of tests was made in which identical 
samples were analyzed with and without the cold 
trap in the train, and », was on the average about | 
percent lower when the trap was used. Since the 
previous comparison of n, by heat balance and by gas 
analysis had indicated that gas analysis was high by 
about | percent, results of these tests indicated that 
agreement would be excellent with the improved 
method of analysis. 

A comparison of the data from the two methods 
of analysis indicated that approximately 45 percent 
of the combustibles of higher molecular weight were 
adsorbed in bottles 1 and 2 when the trap was not 
used. It was found that recovery was possible by 


flushing the absorption reagents with air, b 
appeared that recovery was only 55 percent com) let, 
after 3 hr of flushing. The correction of 2 m- fo 
adsorbed hydrocarbons that was mentioned jy {hy 
preceding section in connection with the amou.: of 
carbon dioxide occluded in the trap was also osti- 
mated from these data. 


It is known that formaldehyde is present \ 
haust gas under some conditions ‘a combustion 
However, only a trace of formaldehyde was found jy 
one of a number of samples taken from various 
combustion chambers operating on different fwels 
If the cold trap is used in the combustion train 
presence of formaldehyde will not introduce a larg: 
error, as it will condense in the trap and be burned 
with other condensed compounds. A small erro; 
will result, since the heat of formation of formald 


hyde is neglected when m, is calculated. If the cold 
trap is not used, experiment has shown that for- 
maldehyde is completely absorbed by the ascarit: 
in absorption bottle 2, and a separate analysis would 
be nece ssary. 

Blank runs. Fourteen blank runs were made to 
determine the experimental error to be expected ir 
these analyses. Air, freed from carbon dioxid 
water, and combustibles in the purification sectior 
of the train, was passed for a period of 3 hr at th 
rate of 400 ml/min through the train. The cold 
trap was not used. Results from these runs showe: 
that the average error was of the order of 1.5 mg 
Some determinations also were made of the repro- 
ducibility of weighing. A clean absorption botth 
packed with reagents was first weighed, and the 
handled as usual, including greasing, followed by th 
cleaning operation. Air was not passed through th 
bottle. Change of weight was no more than 0.2 mg 
in the weighing experiments. It is probable that 
passage of the large quantity of air through thy 
bottles was responsible for the larger experimental 
error determined above 


VI. Conclusion 


A gravimetric method of analysis was developed 
and found applicable to exhaust gas from gas-turbin 
combustion chambers. Combustion efficiency  de- 
termined by this method agreed with that calculated 
from the composition of prepared samples to about 
‘, percent; combustion efficiency obtained by th 
analysis of actual gas samples agreed with that 
calculated by heat balance to better than ') percent 
It is concluded that the gravimetric method may bi 
used to provide accurate information about tl 
magnitude of the loss of heat due to incomplet 
combustion, and partial information about tl 
nature of the components of the exhaust gas 
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Absorption of Near-Infrared Energy by Certain Glasses’ 


By Jack M. Florence, Charles C. Allshouse, Francis W. Glaze, and Clarence H. Hahner 


\n analysis has been made of the absorption bands of various glasses by calculation of 


the internal transmittances and surface losses 


The wavelengths, in microns, associated 


with broad absorption bands have been measured, and the active vibrating groups causing 
the absorption are as follows: 2.7, COQ); 2.75, OH; 2.75, CO); 2.9, OH associated; 3.5, CO 


3.65, (NO 3.8, Si—O bond; 4.0, CO 
1.7 


, OH associated. 


1.15, (NO 
The greatest loss of infrared energy for a number of glasses is caused 


1.25, CO,: 4.45, Si-O bond: and 


by surface losses, rather than by true internal absorption. 


I. Introduction 
1. Gaseous Components of Glasses 


Glasses contain, in solution and as bubbles, small 
amounts of gaseous components. These are residues 
of the decomposition products of the original batch 
materials or the result of contact with the furnace 
atmosphere. The gaseous components in the body 
of the glass may be considered as present in two 
conditions: namely, in true solution and as a part 
of the internal structure. The internal transmit- 
tances for any glass, when plotted against wavelength, 
will contain absorption bands in the region of the 
spectrum in which these gases absorb. The in- 
tensity of the absorption bands depends upon the 


concentration and the absorbing power of the gas. 
Because the surfaces of many glasses are chem- 


ally aetive toward the atmosphere, they also 
become of importance in the transmission of near- 
nfrared energy. Weyl [1]? explains that the con- 
figuration of the ions in the surface laver of a glass 
not identical with that in the internal structure 
He has explained the presence of OH 
being a surface phenomenon. The surface of silica 
glass has a film of OH~ formed from the hydrolysis 
of Si-O-X bonds, where X is either an alkali or an 
alkaline earth ion. The X forms a water soluble 
salt that is leached out and replaced by a hydrox- 
onium ion (H;0*). The surface contains those 
“-O-Si bonds that were originally present in the 
glass and a number of the Si-OH groups. 
_The above explanation may be carried further by 
X forming first a hydroxide and then a carbonate. 
Taking a lithium silicate glass as an example, it 


f 


lollows 


in a glass as 
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+2HOH 
-SiO-OH, 
2LiOH + CO, 


SiO0-OH, + LiOH 
SiOH + HOH 
-Li.CO,+ HOH 


-Si-O-Li 


The products of the reaction, plus any sorbed water 
from the atmosphere, remain on or near the surface 
of the glass. 

Roman, Marboe, and Wey! also found that glass 
surfaces containing Ba** and Pb** ions, among 
others, showed decreasing hygroscopicity with de- 
creasing ionic potential [2]. It has been found that 
glasses containing BaO and PbO have a high trans- 
missivity for infrared energy for wavelengths of 2.5 
to 4.5 u [3, 4}. 


2. Characteristic Wavelengths of the Vibrating 
Groups 

The identification of the vibrating groups has been 
made from the knowledge of the gaseous components 
that may be expected to be in a glass and their 
characteristic wavelengths. It has been possible to 
identify the vibrating groups to be expected in a 
glass through a knowledge of the decomposition 
products of the batch materials used and_ their 
characteristic absorption bands. The precise location 
of the wavelengths at which these absorption bands 
occur has been amply discussed by Herzberg [5]. 

The wavelength of the fundamental vibration of 
OH in water vapor has been identified at 2.66 u. The 
hydroxyl vibration becomes broader and stronger and 
moves to a longer wavelength when “hydrogen 
bonding’’ occurs [5]. The substitution of a silicon 
atom for one of the hydrogen atoms of the HOH 
dipole also creates a difference in the internuclear 
distance of the OH bond, thereby changing the 
observed wavelength for this vibration. The wave- 
length for the OH vibration in the vapor phase, 


obtained from glasses, is 2.75 u. When the water is 
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in the liquid state, the characteristic vibrations occur 
at wavelengths of 2.9, 4.7, and 6.25 uw [6]. Dorsey 
gives the wavelengths from several sources as 2.663 
u for the vapor phase, and 2.97 uv for the liquid phase 
for pure water [7] 

Any caronate ion (CO that may be absorbed 
on a glass surface will have characteristic absorption 
bands. It has strong absorption bands at about 3.5 
and 4.0 u, which is in the region of absorption by the 
first harmonic of the intense fundamental vibration 
at 6.8 uw, that shift with the increase or decrease in 
equivalent weight of the metallic cation. The 
composite transmission curve for salts containing 
this ion (fig. 1) was prepared from the data of 
Coblentz [8] and of Schaefer, Bormuth, and Matossi 
9}. Carbon dioxide gas (CO,) has absorption bands 
at 2.7, 2.75, and 4.25 w and may be identified by the 
1.25-absorption band [5]. 

The transmittance curves for salts containing the 
nitrate ion (NO,~) (fig. 2) show absorption bands at 
approximately the same wavelength as those for the 
carbonate ions [8, 10]. The fundamental vibration 
of shortest wavelength for the nitrate ion occurs at 
7.25 uw, the band occurring at 3.65 u being the first 
harmonic of this vibration 


3. Absorption of Glasses 


A recent publication has identified the absorption 
of near-infrared energy at wavelengths of 2.7 to 3.0 
uw as the OH~ vibrational absorption introduced by 
the water content of the glass [11]. Glasses do not 
show fine line structure of absorption in the infrared, 
but rather wide regions of absorption and _ trans- 
parency. This has led to the general conclusion that 
the absorption of energy at wavelengths of 3.0 to 4.0 
uw is influenced by the water-absorption band. Fur- 
ther identification of this absorption region is at- 
tempted in this paper. Also, a method is presented 


TABLE 1 


for the determination of the behavior of « tin 
glasses in the near-infrared region and, from \e¢h 
data, the specific absorption bands may be : or, 
easily identified. 


II. Preparation and Measurement of the 
Glasses 


The glasses, with the exception of the fused silica 
and Pyrex glass No. 774 samples, were prepared fo; 
this work and were melted in platinum crucibles of 
300- to 500-g capacity. The batch materials, jy 
most cases, were those used in the production of 
precision optical glass; hence they were of high com- 
mercial purity. No attempt was made to furthe 
purify these materials prior to use. The only metal- 
lic oxide believed to be present in sufficient quantities 
to affect the transmission was iron. The amount of 
iron present, as Fe,Q,, in the glass is estimated to by 
less than 0.02 percent. Its presence is shown by an 
absorption band at or near 1.0 u (fig. 13). 

The glasses were melted and fined in either a plat 
inum resistance or a Globar furnace in about 6 hr and 
then poured into steel molds to form samples ap- 
proximately ': in. thick. The quality of the samples 
generally equaled that of the requirements for optical 
Samples were prepared for measurement by 
grinding and polishing into plates, with plane parallel 
faces, 2 in. square. 

The spectral transmittances from 2 » and beyond 
were determined by a Baird automatic infrared 
spectrometer. Where values below 2 » are reported 
these data were determined radiometrically by means 
of a fluorite prism mirror spectrometer, Nernst 
glower, and a vacuum thermopile. All of the in 
frared transmission data was supplied by the Radio- 
metry Section of the Bureau. 

The compositions of the glasses discussed in this 
paper are given in table 1. 


glass. 


Glass Com position 


weight percent 


CGilass type S10 ho Lio 
Fused silica 100. 00 
Lithium silicate sO. 72 19. 26 
Lithium-beryllium silicate 4.53 & 42 
Sodium-barium silicate 40. 00 
Potassium silicats 70. 00 
Pyrex No. 774 [14] 80. 5 12.9 
NBs-IR-1 48. 16 


* 


III. Calculation of Internal Transmittances 


Because the absorption of near-infrared energy by 
glasses may, in part, be a surface phenomenon, it 
becomes highly desirable to determine the internal 
transmittance of the glass itself. A method used 
for the determination of the transmittance of visible 
light for optical glass, and also used by Rubens for 
the infrared spectra, is to measure the total trans- 

Total transmittance, as used in this paper, means the percentage of incident 


energy emerging perpendicular to the surface of the sample and parallel to the 


direction of propagation of the enregy 


Nae kK, Bed Ba Pho ALO Crop) M 
7. 05 
a). 00 00 
t.00 
Ls 04 2.2 se 
0 04 i 30 a. 5 43 


mittance * for two thicknesses of a given lass 
sample [12]. 
The total transmittance of a sample of glass ts 


defined as 


7 \ l S)?7 is 
‘George W. Morey, The properties of glass, p. 367 Reinhold | 
Corp., New York, N. Y., 198 This can be proved as follows: The 


entering the glass is (1—S If (1— 7) is the internal absorptance of | 


sarnple, the enerzy reaching the second surface is (1—S 1-1 
the energy leavine the elass is (1—S)—(1—S)(l— Ty) —-[U—S 1-—S 
which is equal to T. So 
T=(1—-S)\1—-1+T (—-S)\1—-1+T7)S 

I—~S)T,i—S 

1—S)? 7 


It must be remembered that the above derivation does not take int 
multiple reflection, which may produce an appreciable error 
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wl T is the total transmittance, 7, the internal 
tranamittanee, S the fractional surface loss at, and 
| S) the fraction transmitted through, one surface 


of the sample. Then, for two thicknesses of the 
samc glass 
 O~ePn, -h% 
T, (1—S)7,, T 
ail 
log 1 log qT; log T,, log T.5 (2) 
where the subscripts 1 and 2 indicate the thin and 
thick samples, respectively. According to Lambert’s 
iW 
log 7,—a,b, (3) 
where a, ° is the internal absorbance index, and 6 is 
the thickness in millimeters. Therefore, log 7, 
log T; a,b, +-a,6,—a,(b,—6,), and solving for a,, 
log 7,—log T, 4 
: (4) 
b.—b, 


The internal transmittance, 7,,, can then be cal- 


culated from the absorbance index for any given 
thickness, 6;, by means of the following: 
T,.=antilog (—a,b,). (5) 
he loss of energy at one surface of the sample by 
reflection, scattering and absorption of the film is 
obtained from the equation 


S=1-(7) 


1 


The above equation is based on the assumption 
that the surface losses for samples of the same glass, 
but of different thicknesses, are the same. Calcu- 
lations of absorbance indices from several thick- 
nesses of the same melt of glass (NBS-IR-1) vary, 
but the curves drawn from these data tend to show 
the same maxima. 

The above method of calculating the internal 
absorbance index of a glass is not too accurate when 
the total absorbance (—log 7;) is small or is chang- 
ing rapidly. In part, this is due to the degree of 
accuracy of the infrared spectrometer, which is of 
the order of +1 percent; also, instrument lag in the 
automatic instruments, shifts caused by temperature 
variations within the spectrometer, ete., enter into 
the picture. 

The results obtained by the preceding method 
are not reproducible when applied to glasses of high 
iVgroseopicity, such as those of some of the binary 
systems, because of the changes in water sorbed 
during preparation and measurement of the samples. 
hese data should only be used qualitatively to show 


nomenclature used follows closely that of NBS Letter Cireular LC857 
1947 


absorption bands and regions of high surface loss 
when comparing two different glasses. Recent 
evidence indicates that more consistent results are 
obtained with fused silica and complex glasses of low 
hygroscopicity.® 


IV. Absorption for Wavelengths from 2.7 to 
3.0 Microns 


The fused silica sample reported in a previous 
paper [3] had an absorption band at 2.74 to 2.804 
(fig. 3), which could be either OH or CO,. Subse- 
quent measurements on two fused silica samples of 
different thicknesses (fig. 4) have shown this band 
as occurring at 2.75 wu. The binary glass of lithium 
silicate (fig. 5) has an absorption band at 2.9 4g, 
indicating that the water contained by this glass is 
predominantly in the liquid phase. 

The absorption band of the water, in the liquid 
phase, in a glass is so strong that it usually overlaps 
the absorption band for water in the vapor phase. 
However, in an experimental glass of the composi- 
tion Li,O-BeO-5SiO, (fig. 6), the two bands at 2.75 
and 2.9 w appear almost equal in intensity for the 
particular sample measured. The absence of the 

.25 band (CO,) eliminates the possibility that the 
75 band might also be caused by CO,. It is sug- 
ested that the 2.75-u band represents water in the 
vapor phase. However, this should not be consid- 
ered as a proof of its existence, as it is possible that 
certain constituents of this glass might have weak 
bands in this region. 


4 
») 
ur 
co 


V. Absorption for Wavelengths Longer Than 
3.0 Microns 


The carbonate ion has two strong absorption bands 
(at 3.5 and 4.0 yu) that shift with the increase or 
decrease in equivalent weight of the metallic cation 
In figure 5 the lithium silicate glass has absorption 
bands at 3.5 and 4.0 uw, corresponding to those of the 
carbonate ion. However, the mere presence of 
absorption bands at 3.5 and 4.0 yu is not positive 
identification of the carbonate ion, since the nitrate 
ion absorption bands occur at approximately the 
same wavelengths. The batch ingredients must 
be known before these absorption bands can _ be 
positively associated with the carbonate ion alone. 
An example of the 4.25 band for carbon dioxide is 
shown in figure 7 for a glass of the sodium-barium 
silicate system made from a batch containing both 
sodium carbonate and barium carbonate. This 
band has also been observed on a number of other 
made from batch materials containing 
carbonates. 

The substitution of nitrates for carbonates in the 
glass batch improves the transmission of infrared 
energy of the resulting glass. This is very evident 
from a comparison of figure 8, A and B. The giass 
from which the internal transmittance curves in 
figure 8, A were obtained was made with potassium 
carbonate in its batch; that from which the curves in 


glasses 


®* The hygroscopicity of a glass may be determined by the method of Hubbard, 
J. Research N BS 36, 565 (1946) K P1706 
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figure 8, B were obtained was made with potassium 
nitrate. The total ionic charge of the carbonate 
ions in the one batch was made equal to the total 
ionic charge of the nitrate ions in the other batch. 
The 3.5- and 4.0-~ absorption bands for CO, in 
the first instance and the 3.65 and 4.15 bands for 
NQO,~ in the second are evident. These curves show 
rather conclusively that the CO, isa much stronger 
absorbent of infrared energy than the NO, The 
carbonate ion also produces greater surface losses. 

Fused silica has strong absorption bands at 3.8 and 
4.45 w, as indicated in figures 3 and 4. These two 
absorption bands are caused by the silicon-oxygen 
bond [11] and are of sufficient intensity to be identi- 
fied in more complex glasses 

In the following tabulation the above absorption 
bands observed for glasses are listed by wavelengths 
and vibrating groups for reference 


Wavelength Vibrating group Wavelength Vibrating group 
Micron Microns 
27 Co is Si—0O bond 
2.7 OH 1.0 CO 
27 CoO 1.15 NO 
29 OH associated 4.25 COs 
CO 1.4 Si-O bend 
.. 65 NO 4.7 OH associated 


VI. Individual Glasses 
l. Fused Silica 


In figure 4 the two transmittance curves for two 
thicknesses of fused silica are shown with a curve 
for the calculated internal transmittance. Figure 4 
also shows the calculated surface losses. The curves 
show the following absorption bands: 2.75, 3.0, 3.5, 
3.8, 4.0, 4.45, and 4.7 uw. With the exception of the 
2.75-, 3.5-, 4.0- and 4.7-4 bands, these absorption 
bands more or less coincide with the stronger bands 
of crystalline quartz [13]. The absorption bands 
at 3.5 and 4.0 » might indicate the presence of a 
small amount of the carbonate ion. The absorption 
band of silica at 4.45 uw is very definite. It is impor- 
tant to note that apparently the OH is present in 
the internal structure of the glass, as indicated by 
the internal transmittances and the absence of an 
increase in surface losses in the region of 2.75 u. 


2. K,O-SiO, Glass 


‘ 


The calculation of the internal transmittances and 
the surface losses for a glass from the potash-silica 
system shows that the greater loss of energy is at 
the surface of the glass. These results are plotted in 
figure 8, Aand B. The internal transmittance curves 
show considerable absorption for wavelengths longer 
than 2.7 uw. indicating that some of the absorbing 
media is contained in the internal structure of the 
glass. The curves for the surface losses indicate the 
presence of carbonate ions and nitrate ions on or 
near the surface. The magnitude of the surface 





losses appears to be greater than that which cou!.: }, 
reasonably attributed to reflection by the glass a}... 
This glass is, therefore, unsuitable for the trans) is. 
sion of infrared energy 


3. Corning Pyrex glass No. 774 


The samples of untreated and vacuum-deg; 
Pyrex glass No. 774 used by Harrison [11] wer 
measured at this Bureau in 1935. Applying th 
mathematical analysis to these data gives the trans- 
mittance curves shown in figures 9, 10, and 11. Thes: 
curves indicate that the OH is present. A compari- 
son of the internal transmittances for two samples 
shown in figure 11, indicates that the vacuum treat- 
ment at the temperatures used considerably improved 
the internal transmittance of the glass; figure 12 
shows that the treatment practically removed thy 
surface loss caused by the OH. It seems, therefor 
that the presence of the OH, is in part, a surfac 
phenomenon, corroborating Weyl’s statement || 


4. IR Filter No. 1 
Filter glass NBs-IR-1, developed for the Bureau 


of Ships, Department of the Navy, absorbs the visibl 
spectrum but has a high transmittance of the neat 
infrared energy. The transmittance curves for this 
glass, figure 13, show the absorption bands in th 
tabulation above, including the band for CO, at 
$.25 uw. This CO, absorption is indicated by th 
internal transmittance curve. The surface 
shown in figure 13, indicate very little water on th 
surface of the glass. These data indicate that a 
considerable amount of the absorbing media is con- 
tained in the internal structure of this particula 


glass. 


losses 


VII. Conclusions 


A study of the transmittance of near-infrared 
energy by glasses of different compositions has been 
made from data available in the literature and experi- 
mental glasses prepared at this Bureau. The interna! 
transmittance and surface losses of the glasses wer 
calculated for specific wavelengths of radiant energy 
It was found that, at certain wavelengths, much of 
the energy Was reflected, scattered, and absorbed by 
identified groups that occurred at or near the surfac 
of the glass. Other conditions being similar, the total 
transmittance of a glass for infrared energy, in the 
range from 2.5 to 5.0 uw, varies inversely with th: 
hygroscopicity. This absorption of near-infrared 
energy may be attributed to the free water in the 
liquid phase, OH, CO, and NO,~ ions, free CO 
and the silicon-oxygen bond. 


The authors are indebted to the Radiometry > 
tion for supplying the data on the transmittances o! 
these glasses, and Mason H. Black for this assistance 
in making some of the glasses. 
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Tensile Properties of Ingot Iron at Low Temperatures 


By Glenn W. Geil and Nesbit L. Carwile 


True stress-strain curves obtained in tension tests at temperatures ranging from 196 


to LOO” C 
and cold-drawn are presented 


were made during the entire course of each test 
treatment of the iron on the true stress-s train 


with ingot iron as annealed, normalized, quenched and tempered, hot-rolled 
Numerous simultaneous load and diameter measurements 


The effects of prior thermal and mechanical! 


relations are discussed 


Graphs are presented showing the influence of the testing temperature, the ferrite grain 


S1zZe, and the 
strain-hardening 
ultimate 

presented 


and 
and on 
twinning of 


strain-aging 
Stress, 


The iron in the 


I. Introduction 


lhe ordinary tension test is a commonly used 
thod for determining some of the important 
mechanical properties of materials, namely, propor- 
onal limit, vield stress, ultimate stress, breaking 
stress, percentage elongation, and percentage reduc- 
m of area. The procedure for this test has been 
standardized and is specified in detail in ASTM 
standards for the Tension Test, ASTM Standards 
1946 (ES-46). Stress-strain curves, when drawn, 
are based on the original dimensions of the specimen 
It is desirable, however, to have a tension test reveal 
information about the material than is indi- 
cated by the above-mentioned properties. This was 
first pointed out by Ludwik [1]! and discussed in 
detail by MacGregor |2], who enumerated 
many of the advantages obtained by determining a 
rue stress-strain curve for the material tested in 
tension under controlled test conditions. True stress 
s the load divided by the minimum area prevailing 
at that instant. MacGregor has shown that true 
strain during a tension test may be represented by 
log, Ap A, in which Ay and A represent the initial 
and the current minimum cross-sectional areas, 
If the deformation of the specimen 
s uniform throughout the gage length and no local 
ontraction occurs before fracture, and assuming the 
volume of the specimen remains constant, the strain 
also may be represented by log, L/L, in which ZL 
nd L represent the initial and current gage lengths 
However, as shown in a previous paper [4], local 
ontraction may even occur during the deformation 
between vield and maximum load, and thus simul- 
taneous load and diameter measurements during the 
re tension test are essential for an accurate 
termination of the true stress-strain curve 


more 


some 


respectively 


\lany investigators [2 to 21] have determined true 
ss-strain curves for various steels tested in tension 
ral comprehensive surveys of the literature on 
mechanical properties of metals at low tempera- 
and the flow, fracture, ductility, and work- 
ening characteristics have been published re- 

lv [22 to 28}. Several of the investigators [2, 5 

|| have reported a linear relationship between 


1 brackets ind e the literature references at the end of this paper 


initial condition of the iron on the work-hardening character 
The effects of 
true stress and true strain at 

tests at low 


stics, namely, 
the above factors on vield and 
maximum load and at fracture, are 

temperatures is briefly discussed. 


stress 


true stress and true strain from the point represent- 
ing maximum load to fracture of the specimen 
Siegle [12] shows true stress-strain curves obtained 
with ingot iron tested in tension at temperatures 
ranging from —132° to 23° C. The diameter meas- 
urements were made from photographic images of 
the specimen taken during the test; although some 
difficulty was encountered in obtaining good images 
of the test specimen, especially at a temperature of 
about 130° C or lower Siegle’s reported results 
do not conform to a linear true stress-strain relation- 
ship from maximum load to fracture. However, 
only a few experimental points were determined 
between maximum load and fracture in the tests at 
subzero temperatures, and some of the irregularity 
in the data was ascribed to the difficulty of accu- 
rately measuring inferior photographic images. Gen- 
samer, Saibel, Ransom and Lowrie [22] state, “It 
is evident that beyond that point of maximum load, 
the stress-strain curve in the tensile test is compli- 
cated by the introduction of radial and transverse 
stress components as well as by non-uniformity of 
the axial stress. The fact that the plot of average 
stress vs average strain at the minimum section Is a 
straight line from the point of maximum load on- 
ward is purely fortuitous.” 

In previous investigations at this Bureau [16 to 20] 
in Which true stress-strain curves were determined 
for various steels and nonferrous metals tested in 
tension at room temperature, the results, in general, 
do not conform to a linear stress-strain relation from 
the points representing maximum load to fracture 
of the specimens 

The purpose of the present investigation was to 
determine the influence of the testing temperature 
and various metallurgical factors on the true stress- 
strain curves and other mechanical properties of 
ingot iron tested in tension in the temperature range 
of —196° to + 100° C 


II. Material and Method of Investigation 


The material used in this investigation was ingot 
iron. The principal chemical constituents of this 
material other than iron, as determined by chemical 
analysis, are (in percent) as follows: carbon, 0.02; 
manganese, 0.02; phosphorus, 0.005; sulfur, 0.018; 
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silicon, 0.002; copper, 0.10; oxygen, 0.058; nitrogen, 
0.002; hydrogen, 0.0005. This iron was prepared 
from a single heat and furnished by the manufac- 
turer in the hot-rolled and cold-drawn conditions, 
with the cold-drawn rods being reduced from hot- 
rolled rods without intermediate annealing. The 
cold-drawn rods were furnished in two degrees of 
cold work, namely 14- and 24-percent reduction 
of area. The iron was studied in the conditions 
(1) as annealed, (2) as normalized, (3) as quenched 
and tempered, (4) as hot-rolled, and (5) as cold- 
drawn. The heat treatments that were made at the 
National Bureau of Standards and applied exclusively 
to the hot-rolled material are summarized in table 1. 
Typical structures of some of these materials are 
shown in figure 1. The number, size, and distribu- 
tion of the inclusions are considered normal for ingot 
iron. The numerous oxide inclusions were dispersed 
as relatively small particles throughout the ferritic 
matrix, the massive elongaged inclusions composed 
essentially of manganese sulfide were elongated in 
the direction of rolling. Some precipitation occurred 
in the parent grain boundaries, especially in those 
specimens that were cooled slowly from 1,750° or 
1,330° F to room temperature (fig. 1, A, B and C). 
Iron carbide could be identified in some grain bound- 
aries of the specimens as annealed (fig. 1, A) and as 
quenched and tempered (fig. 1, B), and it also ap- 
peared to be present to a lesser degree in the speci- 
mens in each of the other conditions. It would be 
expected that the relative amount of carbon retained 
in solid solution should be a minimum in the speci- 
mens as annealed or as quenched and tempered, 
intermediate in the specimens as cold-drawn and a 
maximum in the specimens as hot-rolled or as nor- 
malized. The nitrogen content of this iron was 


TABLE 2 


Ferrite 
grain sige 


ASTM No 


Hardness 
Rockwell B 
Upper 


000 psi 
Annealed 16.7 
Normalized 7 ; 22.3 
Quenched and tempere § 24.0 
Hot-rolled 2.6 
Cold-<irawn 14 
area 
Cold<irawn 24 
area 


reduction 


reduction 


* At initial fracture 
» No drop of beam, stre at 0.2°%, offset 


with a reduced 
The reduced 


tensile 


Cylindrical 
section of 2-in. gage length were used. 
section was gradually tapered from each end; the 
diameter at the midsection of the gage length was 


specimens 


about 0.003 in. less than that at the ends. A mini- 
mum gage diameter of 0.438 in. instead of the 
standard 0.505 in. was employed to avoid fracture in 
the threaded ends of the specimens during testing 
at low temperatures. The specimens were finished 
to the final dimensions by grinding and polishing 
in the axial direction, to avoid circumferential tool 
marks from acting as transverse notches. The ends 


Yield stress 


Lower 


very low (0.002% as determined by a modified \|ley 
method), and the amount retained in solid so! tion 
should be about the same for each of the initia 
ditions. Although the phenomenon of strain aving 
has been attributed by some investigators to the 
presence of nitrogen, it is expected that this <malj 
amount would be ineffective in producing the marked 
strain-aging observed in some of the tension tests 
made at temperatures within the range of 
+-60° to + 100° C. 


On- 


out 


TaRLe 1. Heat treatment of ingot tron * 


Tem- 
perature 


Diameter 


of rod Remark 


Designation rime 


Furnace-cooled to 800° |} 
hr) then air-cooled 
Air-cooled 
bg) Quenched in iced br 
Furnaced-cooled 
(45 hr 


Annealed 
Normalized 


Quenched and 
tempered 1 


* All specimens were prepared from hot-rolled rods 
Specimens machined to approximately 4% in. in diameter in redu 
tion and % in. in diameter in shoulders prior to heat treatment 


The ferrite grain size varied considerably in each 
initial condition of the iron. The average ASTM 
grain size numbers are given in table 2, along with 
some of the mechanical properties of the iron at room 
temperature. The ferrite grain size was found to bi 
approximately the same for the iron in the conditions 
as hot-rolled, quenched and tempered, and cold- 
drawn to 14- and 24-percent reduction in area 
However, the grain size of the normalized iron was 
slightly larger, and the grain size of the annealed iron 
was considerably larger than that of the other 
conditions. 


Mechanical properties of ingot tron at room temperature 


Reduction 
of area at 
initial 
fracture 


Reduction 

of area at 

maximum 
load 


lrue break 
ing stress * 


Ultimate 


stress 


1000 pei 


14. 3 
0.5 
~. 5 
24.7 


of the specimen were machined with %-in 
threads and the shoulder fillets were machined 
radius of 1.5 in. 

A pendulum hydraulic testing machine of 50,000- 
capacity was used for these tests. To obtain 
desired test temperatures, the specimens, excep! 
those tested at room temperature, were fully 
mersed in an appropriate liquid contained 
cylindrical vessel. One threaded end of the specim« 
passed through the bottom of the cylindrical vess 
into the lower adapter of the testing machine. 
Lead were used at this position to a 


washers 
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\llen 
lon 
Oon- 
“ing 
the 
mall 
Ked 

Fests 


out 


ach 
TM 
vith 
mM 
» be 
ions 
old- 
rea 
was 
iron 


ther 


ist loss of the bath liquid. The outside of the 

| was covered with several layers of wool felt for 

nal insulation. The felt in turn was enclosed 

a covering of thin sheet aluminum to prevent 
ensation of moisture on the felt. The upper 
ower adapters were made as long as the clearance 

1e testing machine would permit. When the test 
uperature was —78° C or lower, the adjacent 
portions of the head and base of the testing machine 
were surrounded with pulverized solid CO, to 
minimize the temperature gradient in the adapters. 

For obtaining test temperatures of + 100° and 

60° C, the bath, water with sodium chromate 
added as an inhibitor to corrosion, was heated with 
an electrical immersion heater. For temperatures 
between room (27° to 30° C) and —78° C, a bath 
mixture of equal parts by volume of carbon tetra- 
chloride and chloroform was cooled by the gradual 
addition of small quantities of pulverized CO,,. 
A temperature of —78° C was maintained in the 
carbon tetrachloride-chloroform bath with an excess 
of pulverized CO,. For temperatures of —120°, 

138°, and —154° C,a bath of dichloro-difluoro- 
methane (Freon 12) was cooled by passing liquid 
nitrogen through an immersed copper coil; the bath 
was stirred constantly with an _ electric stirrer. 
A chromel-alumel thermocouple was attached to the 
specimens at the upper end of the reduced gage 
section for measuring the test temperature. For 
temperatures of —188° and —196° C, the specimens 
were fully immersed in baths of liquid air and liquid 
nitrogen, respectively. 

The rate of loading was less than is usual in a 
tension test to avoid local heating of the specimens 
during the plastic deformation. The loading was so 
controlled that the rate of contraction of the speci- 
mens beyond the initial yielding was maintained at 
approximately l-percent reduction of area per minute. 
The maintenance of this rate of contraction of the 
specimen after the maximum load had been reached 
was achieved by a gradual closing of the control 
valve on the hydraulic testing machine. 

A common type of reduction-of-area gage with 
wedge anvils was used for determining the change in 
the minimum diameter of the specimen during the 
tension tests at room temperature. However, this 
gage could not be used with the tests at other tem- 
peratures. A reduction-of-area gage of special 
design, which could function satisfactorily while 
largely submerged in the bath, was constructed 
lor use at subzero and moderately elevated temper- 
A detailed description of the gage and its 
calibration and manipulation is given in a previous 
paper [4]. Changes in diameter of a specimen can 
be measured by this instrument with an accuracy 
of +0.0001 in. 


atures, 


Ill. True Stress-Strain Curves 


"he true stress-strain curves obtained for speci- 
s of ingot iron as annealed, normalized, quenched 
tempered, hot-rolled and cold-drawn, tested in 
on at temperatures ranging from 196° to 


100° C, are given in figures 2 to 7. A scale of 
actual values of Ao/A is given at the top of each dia- 
gram for convenience in comparing these results 
with previous results obtained at this Bureau [16 to 
20], in which the data were plotted on this scale. The 
true stress values at the initiation of fracture as 
obtained during test through the use of the reduction- 
of-area gage will be designated in this paper as the 
fracture stresses, whereas the points designated as 
crosses are the values usually reported as the true 
breaking stresses or fracture stresses. The latter 
values are obtained by dividing the load at initial 
fracture by the minimum area of the specimen as 
determined from diameter measurements made after 
the specimen has been fractured. Fracture of an 
unnotched specimen tested in tension is usually 
initiated at its axis, and the crack propagates toward 
the periphery; the metal at the periphery often 
extends longitudinally and contracts radially during 
the fracture. This “rim effect’’ varies with the com- 


position, structure, and condition of the metal, as 
well as the temperature during the tension test. 
Thus, fracture stress values as determined from diam- 
eter measurements made after fracture of a ductile 
specimen may be of little significance. 


The true stress-strain curves (figs. 2 to 7) obtained 
for ingot iron specimens tested at temperatures 
ranging from —196° to + 100° C do not conform to 
a linear relationship for the portion of the curves 
between the points representing maximum load and 
either initial or complete fracture. This portion of 
the curves is absent for all specimens tested at — 196° 
C, except for hot-rolled ingot iron, as fracture oc- 
curred before the maximum load conditions were 
attained. The divergence from a linear relationship 
usually increases slightly as the testing temperature 
is lowered. The divergence also varies with the 
initial condition of the iron and is greater for the 
normalized, annealed, and hot-rolled specimens than 
for the quenched and tempered and cold-drawn 
specimens. 

The plastic deformation was not uniform along the 
gage length during the testing of the ingot iron, irre- 
spective of the initial conditions. Some local contrac- 
tion even occurred during initial yielding of the iron. 
At a strain value slightly above the yield, the mini- 
mum diameter of the specimen usually continued to 
decrease and the region of local contraction extended 
longitudinally along the gage length. In some speci- 
mens, however, local contraction occurred in two 
or more regions. As the strain approached, that pro- 
duced by the ultimate stress, the trend was for the 
specimen to become nearly evlindrical throughout 
its entire gage length. After the ultimate stress was 
attained, the specimen started to contract locally 
(neck) in the usual manner, and this condition con- 
tinued to complete fracture. It should be pointed 
out, however, that the change in deformation with 
stress in this range, ultimate to fracture, frequently 
occurred in a eyelic manner as illustrated by the 
position of the experimental points given for the hot- 
rolled specimens tested at 120° and at i386? © 


(fig 5) 
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The nonuniform deformation associated with pro- 
nounced strain-aging is manifested by the serrations 
in the true stress-strain curves for some of the tests 
at +100° C. Oscillations of the pendulum of the 
testing machine occurred during the deformation 
from yield to fracture. The magnitude of the oscilla- 
tions at +100° C varied both with the degree of 
strain and the initial condition of the iron. For 
annealed, hot-rolled, and cold-drawn specimens, the 
oscillations were relatively small throughout the range 
of strain from the initial yielding to the maximum load; 
the magnitude generally increased slightly during the 
earlier portion of this range and decreased during the 
latter portion to very small values at the maximum 
load. At strains considerably greater than that at 
maximum load, the magnitude of the oscillations 
suddenly increased greatly and continued in this 
manner as the specimens were extended to fracture. 
The oscillations for the quenched and tempered 
specimen were relatively small and were observed 
only in the first half of the strain range from initial 
vielding to maximum load. For the normalized 
specimen, the oscillations were relatively small im- 
mediately following initial yielding, but increased 
continuously as the specimen was extended to frac- 
ture. Only variations in the true stress-strain curves 
corresponding to the larger oscillations are shown in 
figures 2 to 7. Smaller and less uniform oscillations 
also were observed in some of the tests at 60° C 

The change in diameter of the specimen during 
each oscillation could be followed with the reduction- 
of-area gage. The diameter decreased rapidly dur- 
ing each drop of the pendulum. It remained almost 
constant during the subsequent rise of the pendulum 
until the load reached a critical value and a new oscil- 
lation was initiated. The strain-aging and strain- 
hardening of the metal resulting from the rapid defor- 
mation that accompanied the drop of the pendulum 
apparently was of sufficient magnitude to prevent 
further deformation until the true stress was again 
increased to a new critical value by an increase of 
the applied load. 

The locus of fracture curves, L, (figs. 2 to 7) are 
drawn through the points representing initial fracture 
at the various temperatures and depict the influence 
of the testing temperature on the fracture stress and 
strain at fracture of the ingot iron in each of the 
initial conditions The influence of the testing 
temperature on the strain at fracture varies with 
the initial condition, and this may result in a large 
change in the shape of these curves as illustrated by 
the double reversal in curvature in those for the 
normalized and hot-rolled specimens (figs. 3 and 5 
in contrast to the absence of reversals in those for 
the other specimens (figs. 2,4, 6,7). The influence 
of these factors will be reported in more detail later 
in the discussion of the diagrams representing the 
influence of the testing temperature on the mechani- 
eal properties of the tron 











IV. Influence of Temperature on the W ork. 
Hardening Characteristics 


The most satisfactory method of studyin  ¢h, 
work-hardening of metals is by means of the rela. 


tion between true stress and true strain in a pk 
tension test in which the load and the cha: 
diameter of the specimen are accurately measured 


throughout the entire test. As the term ‘ rk- 
hardening” relates to the increase of the true stress 
o, With increase in the true strain, 6, (6=log, A, A 
the slope of the true stress-strain curve, de at 


any strain is a measure of the instantaneous rate 9 
work-hardening at that strain. If aging or recoy 
ery occurs during the tension test, the total work- 
hardening is the combined effect of these factors 
and the ordinary strain-hardening, and de/dé repre- 


sents the instantaneous rate of the total work- 
hardening 
Several investigators [8, 10, 22, 28 to 31] hav 


presented data indicating that the true stress-strai) 
relationship for metals tested in tension is parabol 
and may be expressed mathematically as follows 


o=ks", 


in which & and m are constants, characteristic of th 
material. According to this relationship, the tr 
stress and true strain values plotted on logarithmi: 
coordinates should conform to a straight-line grap! 
with the slope of the line equal to m. The coefficies 


m is generally designated the strain-hardening co- 


efficient, and the rate of work-hardening is given by 


de 0 
- Mm -—» y4 
dé 0 


if the relationship expressed in eq 1 is valid. 
It should be pointed out, however, that many o! 
the logarithmic true stress-strain curves, presente: 


as evidence confirming the above parabolic relation- 


ship (eq 1) were plotted on scales of equal logal th 


mic cycle length for both axes, thus giving lines o! 


Anv deviations from a linea 


very small slope. 


relationship are not detected easily in graphs of this 


kind 

Now let any general relationship be assumed | 
tween the true stress o and the true strain 6, namel\ 
a 1(6). 
ordinates, the slope, 6, of such a curve at any pou 
would be: 


dilog.e) de dé 
4 ’ 
d(log 6 0 R) 
and as 
6 log, A A, t 
then 
dé d AJA 
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If « and 6 are plotted on logarithmic co- 








Sub-tituting in eq 3, one obtains 
do dA PB : 
b/6- (6) 
o A 


\: the upper and lower yield points and at maxi- 


mum load (where dL=d(¢A)=0) 
do dA - 
- . (4) 
a A 
Substituting in eq 6, one obtains 
6 b. (S) 


Therefore, the slope of a logarithmic true stress- 
strain curve at the upper and lower yield points and 
at the maximum load is equal to the respective strains 
at these points. 

By substituting 6=6in eq 3, one obtains the relation 


do 

rg 9) 
Thus, the rate of work-hardening at the upper and 
lower vield points and at the maximum load is equal 
to the respective true stresses at these points. 

The relation expressed in eq 9 has been developed 
na slightly different manner by Gensamer [29] and 
by Voce [21]. The relation, 6=m at the maximum 
load has been developed by Hollomon [10], although 
t was based on the true stress-strain relationship 
given in eq 1. However, as shown in the develop- 
ment presented above (eq 3 to 9), the relationships 
given in eq 8 and 9 do not depend upon any specified 
true stress-strain relation. 

Hollomon [10] presented evidence indicating that 
the relationship ¢«=—*6" was valid for plastic de- 
formation beyond the end of initial yielding to that 
at the maximum load or to strains of about 0.4 for 
steels tested in tension. The results obtained in 
the present investigation, however, do not confirm 
this relationship; the true stress-strain values plotted 
on logarithmic coordinates do not necessarily show 

linear relationship. Some ef the data obtained 
tension tests at various temperatures with the 
hot-rolled ingot iron are presented in figure 8. It 
should be noted that in this figure the length of a 
ogarithmic evele on the scale of true stress is twice 
that for the scale of true strain. This method of 
plotting reveals the curvature of these lines. The 
lashed lines in this figure are drawn through the 
pots €’, representing true stress-strain values at 
the maximum load, with the slopes of the lines equal 
to the strains at the maximum load (6=6). The 
true stress-strain values in the immediate vicinity 
of the maximum load conform very closely to these 
dashed lines. These lines, however, do not pass 
through the points, /, representing the end of the 
nitial yielding. Moreover, the true stress-strain 


$ investigation, the end of the nearly horizontal portion of the load 
irve associated w the lower yield point was considered as the end 


! vielding 


values for deformation between the end of initial 
yielding and maximum load cannot be represented 
accurately by a straight line. Similar results were 
obtained in tension tests with the ingot iron in the 
other initial conditions. Thus, no constant work- 
hardening coefficient can be determined from these 
tension tests, and the work-hardening rates cannot 
be derived readily from the logarithmic true stress- 
strain graphs. 

The work-hardening rate, do/dé, at any strain can 
be ascertained from the slope of the true stress-strain 
curves (figs. 2 to 7) at the designated strain, although 
some difficulty may be encountered in accurately 
determining the tangent line to the curve at the 
designated strain value. On the other hand, an 
average work-hardening rate, Ao/Aé, over a range of 
strain Ad can be determined readily from the true 
stress-strain curves. This method has been used in 
this investigation to determine the influence of 
temperature on the work-hardening characteristics 
of the ingot iron during the tension test. The results 
are summarized in figures 9 to 13. As the strain, 
M, at the minimum point of the true stress-strain 
curve after initiation of yielding varies with the 
temperature of the specimen, it was deemed advisable 
to choose this point as the initial reference point for 
the Aé values. Thus the average work-hardening 
rates at the various temperatures for a specified 
strain range at the small strains are established from 
approximately corresponding portions of the true 
stress-strain curves. The broken-line curve through 
the completely filled circles in each figure represents 
the influence of the testing temperature on the rate 
of work-hardening at the maximum load, (do/di=o 
Straight lines tangent to the true stress-strain curves 
at the maximum load point have slopes that agree 
very closely with the value of the true stress at the 
maximum load. These data are summarized in 
table 3. 

All of the sets of curves in figures 9 to 13 have 
several featuresincommon. The curves are generally 
lowered as the strain of the specimen increases; this 
change is greatest for the small strains and pro- 
gressively decreases in magnitude as the strain in- 
creases. At the larger strains (strains from maxi- 
mum load to fracture) the decrease in work-hardening 
rate with increase in strain is relatively small except 
at the very low temperatures. At very low tempera- 
tures the curves A for the smallest strain range, \/ 
to \J +0.02 drop below some of those for the pro- 
gressively larger strains. This factor reflects the 
influence of the testing temperature on the initial 
vielding of the specimen. At room temperature or 
at slightly elevated temperatures, the degree of 
heterogeneous deformation during the initial vielding 
was very small, and the corresponding true stress- 
strain curves (figs. 2 to 7) rise sharply after reaching 
the minimum true stress.’ As the testing temperature 










rhe minimum of the true stress-st t which ded 
slightly smaller strain than that at t 1 oad of the lower 
At the tter point the slope o rain curve must he 
equal to the ilue of the tru cal significance of 
the curves representing the i il yielding may be questionable, as t 
ire based on average values of the true stress and strain during the heterogeneou 
leformat 
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is lowered, the strain during the initial yielding 
increases and the curve rises less abruptly beyond 
the minimum point. At the low temperatures, the 
relatively flat portion of the curve is an appreciable 
proportion of the total strain range Aéd from M to 
M +0.02, and this factor is the cause of the lowering 
of the work-hardening curves A at the low tempera- 
tures. The sharp rise in these curves for the 
temperature range of room to + 100° C is a result of 
the large increase in the magnitude of the strain- 
aging of the iron during the tension test 

The curves B to J of figures 9 to 13 are not appre- 
ciably affected by the sharpness of the rise of the 
true stress-strain curves beyond the minimum point, 
except curve # for the iron in the cold-drawn con- 
ditions. These curves are representative of the 
influence of the testing temperature on the total 
work-hardening characteristics of the iron for the 
designated strain ranges. They show a _ general 
trend of a decrease in the rate of total work-harden- 


ing with increase in temperature from 196° to 
about 120° C for some curves and from —154° to 
about 120° C for others. As the temperature is 


increased from —120° to —30° C, the total work- 
hardening rates for any specified strain range either 
remains approximately constant or increases. The 
work-hardening rates decrease as the temperature is 
increased from —30° to about +30° C and increase 
again as the temperature is raised to + 100° C. 

The rate of total work-hardening of the iron at 
the maximum load, irrespective of its initial condi- 
tion, decreases continuously as the temperature is 
raised from 196° to about +30° C in some cases 
and from — 154° to about + 30° C in other cases, and 
usually increases with further increase of the tem- 
perature to 100° C. These curves are not a 
comparison of work-hardening rates at a constant 
strain, as the strain at maximum load in each case 
varied greatly with the testing temperature. They 
indicate the influence of the testing temperature on 
the rate of work-hardening of the tron at the maxi- 
mum load conditions (eq 7, 8, and 9). 

The portions of the total work-hardening curves 
(B to J in figs. 9 to 12) for temperatures ranging 
from 196° to —120° C for some curves and from 

154° to —120° C for the others manifest the influ- 


Rate of work-hardening of ingot tron specimens at the marimum load (1,000 psi) 
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ence of a decrease in strain-hardening with increas: 
in temperature, as the total work-hardening at thes: 
temperatures is mainly strain-hardening. How- 
ever, as the temperature is increased above — 120° ( 
the strain-aging becomes a significantly influencing 
factor in increasing the total work-hardening rates 
and the magnitude of this factor is as great or 
greater than the decrease in the ordinary strain- 
hardening rates. Above about +30° C, the influenc: 
of the strain-aging predominates, and the total work- 
hardening rates increase greatly. 

Another factor that probably has considerabl 
influence on the variation of the rate of work- 
hardening with temperature is the mechanism of 
deformation. Deformation by twinning (Neuman 
bands) occurred in the specimens tested in tension a 
temperatures below 120° C, but no evidence of 
this was found in specimens tested at temperatures 
above 120° C. The extent of twinning during 
the tension test increased as the temperature was 
lowered from 120° to 196° C as illustrated by 
the microstructures (fig. 14) for the hot-rolled ingot 
iron. The twinning occured to a similar extent ir 
the iron tested in the conditions as annealed, normal- 
ized, and quenched and tempered (fig. 15). The 
twinning in the iron in the conditions as cold-draw: 
was restricted to the portion of the specimens adja- 
cent to the fracture, whereas it occurred throughout 
the entire gage length of the specimens of the irot 
in the other conditions (figs. 14 and 15). As twin- 
ning occurred in specimens deformed in tension but 
not extended to fracture at the low temperatures 
it is considered that this phenomenon in iron is not 
primarily associated with the plastic deformation 
at the instant of fracture or any accompanying 
shock waves. 

A comparison of graphs of work-hardening rates 
versus temperature (figs. 9 to 13) reveals that th 
initial condition of the iron influences the rate o 
total work-hardening at the various strain ranges 
up to about the strain at maximum load. Th: 
amount of carbon initially retained in solid solution 
and the size of the ferrite grains apparently affected 
the rate of work-hardening (Ac/Aé) in this range o! 
deformation. The curves A, B, C, and D for th 


f 


quenched and tempered iron (fig. 11) show lowe! 
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hardening rates at most of the testing tempera- 
especially in the range from about +-30° to 
C, than the corresponding curves for the 
alized (fig. 10) or hot-rolled (fig. 12) irons. 
lower values for the quenched and tempered 
probably are caused mainly by a decrease in 
train-aging as a result of the smaller amount of 
on retained in solid solution. The work- 
dening rates were usually higher for the annealed 
9) than for the quenched and tempered iron 
1] As the amount of carbon retained in solid 
solution Was approximately the same for the irons 
in these two conditions, the higher work-hardening 
rates of the annealed iron can be attributed to its 
coarser ferrite grains (ASTM No. 2 and 4, table 2). 
The rates for the annealed iron, in general, were 
slightly higher than those of either the normalized 
or hot-rolled irons, although the amount of carbon 
initially retained in solid solution of the annealed 
material was also lower than that of the other two 
conditions. This change in the positions of the 
curves may be attributed to the predominant effect 
of the coarser grain size of the annealed iron. Thus 
the rise in true stress between vield and maximum 
load is more rapid for the annealed iron than for the 
normalized or hot-rolled irons. The work-hardening 
characteristics of the normalized (fig. 10) and hot- 
rolled (fig. 12) irons were approximately alike, 
except in the temperature range of about +30° to 
100° C, in which the strain-aging of the normalized 
iron was appreciably greater. The amount of carbon 
in solid solution prior to testing was considered to 
be about the same for the hot-rolled as for the norm- 
alized material. The rates of the work-hardening 
of the iron reduced 14 and 24 percent in area by 
cold-drawing, are considerably less than those of the 
iron in the other conditions. The strain-hardening 
and strain-aging accompanying the 14- and 24- 
percent reductions in area of the hot-rolled iron 
were greater when the iron was reduced by cold- 
drawing and subsequently aged in storage than when 
the reduction was obtained in an ordinary tension 
test 


V. Influence of Temperature on the 
Mechanical Properties 


The influence of the testing temperature on \ ield 
stress, ultimate stress, true stresses at maximum load 
and at fracture, and true strains at maximum load 
and at fracture can be readily determined from the 
tension tests made at the various temperatures and 


true stress-strain curves obtained from these 

These data, as summarized in figures 16 to 21, 
show the relationship of some of these properties. It 
is apparent that the ratio of the values of true stress 
maximum load to the ultimate stress for these 
curves will depend upon the strain at maximum load. 
The strains at maximum load varied considerably 
with the test temperature and the initial condition 
the iron and usually decreased greatly at the 
vy low temperatures. Thus some of the pairs of 
ves of ultimate stress, and true stress at maximum 

actually converge at the lowest temperatures. 
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The dependence of the true stress at fracture on the 
strain at fracture is clearly shown in these figures 
and will be discussed later. 

The combined effects of test temperature and 
initial condition of the iron on the above-mentioned 
mechanical properties are depicted in the composite 
diagrams of figures 22 to 27. The curves for the 
lower yield stress (fig. 22) depict closely the effect 
of temperature on the initial strength (initial re- 
sistance to flow) of the iron in the various conditions. 
The effect of strain-aging during the initial vielding 
on the yield strength was relatively small or negligi- 
ble at temperatures in the range 0° to —196° C. 
The lower yield stress, and hence the initial strength 
of the iron, increased continuously with lowering of 
the temperature in this range; this increase in vield 
stress with lowering of the temperature from 0° to 

196° C was about 70,000 psi for the iron in each 
of the initial conditions. At temperatures in the 
range of 0° to +100° C, however, the strain-aging 
of the iron during the initial yielding was usually 
appreciable and is depicted by a leveling off or a 
slight rise of the curves with increase in temperature 
in this range. Thus these curves do not necessarily 
indicate an increase in the initial strength of the irons 
with increase in temperature from 0° to 100° ©, 

The combined effects of the ferrite grain size and 
the solubility of carbon on the initial strength of the 
iron are indicated in the relative positions of the 
vield stress curves (fig. 22). The hot-rolled iron 
(ASTM grain No. 4 to 5) and the normalized iron, 
(ASTM grain No. 4) should have about the 
same amount of carbon retained in solid solution. 
At each test temperature throughout the range of 

i96° to +100° C, however, the vield stress of the 
hot-rolled material (curve #) is higher than the 
corresponding vield stress of the normalized material 
(curve F). Similarly, curve /, for the quenched 
and tempered iron (ASTM grain No. 4 to 5), 
higher throughout this temperature range than 
curve A, for the annealed iron (ASTM grain No. 2 
to 3), even though both conditions are considered 
to have about the same amount of carbon retained 
in solid solution. These results show a general 
trend of an increase in yield stress as the ferrite 
grain size decreases. It is noteworthy, however, 
that the relatively high vield strengths (curves ( 
and P) of fig. 22) and also the relatively high ultimate 
stresses and true stresses at maximum load (curves 
Cand D of figs. 23 and 24) of the cold-drawn irons 
are due to the strain-hardening and strain-aging 
during the prior cold-drawing operations and the 
aging during storage. These high-strength values 
are not due to a grain size factor, as theaverage 
ferrite grain size was the same for the hot-rolled, 
quenched and tempered, and cold-drawn conditions. 


5 to 
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The ultimate stress (fig. 23) and true stress at 
maximum load (fig. 24) both increased as the test 
temperature was decreased from about +30° to 

196° C; the true stress at maximum load of the 
annealed specimens did not change appreciably as 
the temperature was decreased from 154° to 

196° C. Both stresses either changed little or 
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increased slightly as the temperature was raised from 
about +30° to +60° C, and both increased consider- 
ably as the temperature was raised from +60° to 

100° C, because of the increase with temperature 
of the strain-aging accompanying the deformation. 
The strain-aging varies with the initial condition of 
the iron and especially with the amount of carbon 
initially retained in solid solution. Thus, the ultimate 
stresses and true stresses at maximum load for the 
hot-rolled iron (curves B) are relatively higher at 
temperatures above 120° C than those for the 
quenched and tempered iron (curves £), even though 
the average grain size was the same. These values 
for the normalized iron (curves F) are relatively 
higher at most of the test temperatures above 

120° C, than those for the annealed iron (curves 
A). This would be expected, as the normalized iron 
initially had a smaller ferrite grain size and retained 
more carbon in solid solution. However, it is believed 
the effect of the ferrite grain size on the strain-aging 
was relatively small. The increase in ultimate stress 
and true stress at maximum load with increase in 
temperature in the range +60° to +100° C for the 
cold-drawn iron (curves C and D) was relatively 
small, as appreciable strain-aging had occurred 
during cold-drawing and subsequent storage. At the 
very low temperatures, 154° to 196° C, the 
relative positions of the curves of true stress at 
maximum load (fig. 24) depend greatly upon the 
strain at maximum load; the greater the strain the 
greater is the true stress. 

The curves representing the influence of test 
temperature on true strain at maximum load are 
shown in figure 25. The strains at maximum load 
for the annealed (curve <A), hot-rolled (curve #), 
normalized (curve F), and quenched and tempered 
(curve /) irons show certain common features. The 
strains remained approximately constant at test 
temperatures ranging from + 60° to —30° C and, in 
general, decreased as the temperature Was lowered 
from —30° to —196° C. The curve P for the hot- 
rolled iron however, exhibits a moderate increase in 
strain as the temperature is lowered from about 

125° to —160° C; a smaller increase is also noted 
in the curve F for the normalized iron. At a temper- 
ature of —196° C, the strains at maximum load 
apparently were influenced greatly by the ferrite 
grain size; the larger the grain size the smaller was the 
strain. The strain for the annealed iron was con- 
siderably smaller than that for the quenched and 
tempered iron. The iron in both conditions was 
considered to have about the same amount of carbon 
initially retained in solid solution. Similarly, the 
strain at 196° C for the normalized iron was 
considerably smaller than that of the hot-rolled iron. 

The strains at maximum load for the cold-drawn 
irons (curves ( and 7), as a result of the strain- 
hardening and strain-aging prior to test are very 
much smaller than those for the iron in the other 
conditions. It should be pointed out, however, that 
the temperatures at which the strain begins to de- 


crease rapidly with decrease in temperature are about 


100 deg. C lower for the cold-drawn irons th; 
the other irons. 

The curves representing the influence of test 
perature on the true strain at fracture are sho 
figure 26; the true strain at fracture is a meas 
the ductility of a metal. Curves A, FE, C, and /) fo, 
the annealed, quenched and tempered, and cold 
drawn irons are similar in shape. As the tempera- 
ture is decreased from + 100° to —196° C, the ductil- 
ity first gradually rises to a maximum and then de- 
creases continuously to very low values at — 196° ( 
There is no abrupt change in the slope of these curves 
(A, F, C, and DP) and no sharp transition tempera- 
ture. The ductility at fracture of the hot-rolled 
and normalized irons varied considerably with the 
test temperature, and two maxima are exhibited ip 
vach curve (curves B and F). The ductility was 
greatly reduced as the temperature was lowered from 

30° to —78° for curve F, and to —120° C fo, 
curve B. With further decrease in temperature to 

154° C, however, the ductility increased slightly 
and then decreased greatly as the temperature was 
lowered to 196° C. As mentioned earlier, the 
curves representing the ductility at maximum load 
of the iron in these two conditions (fig. 25) exhibit 
the same trend, although to a smaller extent. This 
characteristic is probably associated in some way with 
the greater amount of carbon initially retained in 
solid solution in these irons than in the other irons 

The temperature at which the maximum ductility 
is retained depends upon the initial condition of th 
iron (fig. 26). This temperature is highest for th: 
normalized iron, curve F, and lowest for the cold- 
drawn iron, curves © and D. The temperature of 
the maximum ductility of the cold-drawn irons is 
about 50° C below that of the hot-rolled iron, curv: 
B. The reduction in the amount of carbon retained 
in solid solution by the strain-aging of the iron during 
the cold-drawing operations and storage resulted in 
a shift of the temperature of maximum ductility to 
a lower value. 

The fracture stress curves (fig. 27) indicate a 
general trend of an increase in fracture stress with 
decrease in temperature between +30° and about 

160° C. However, many deviations from this 
trend are shown in the curves. All of the stress 
values are decreased as the temperature is lowered 
from about 160° to 196° C because of the larg 
decrease in ductility. The increase in the fractur 
stress values accompanying a rise of testing tem- 
perature from + 60° to 100° C is due to the pre- 
dominant influence of the strain-aging. The curves 
B and F for the hot-rolled and normalized trons 
exhibit a large decrease in fracture stress values as 
the temperature is lowered from about 30° to 
about 80° C, a direct result of the rapid decreas 
in ductility of the specimens as the temperature ts 
lowered through this range (fig. 26). 

The influence of prior cold-drawing of the hot- 
rolled iron on the fracture stress, as determine: 


‘A transition temperature is generally considered as a narrow temy 
range in which the fracture changes from a shear to a cleavage type accon 
bv a large decrease in ductility 
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quent tension tests, is also illustrated in figure 
vy the shape of the curves B, C, and D. The 
n-hardening and strain-aging accompanying the 
drawing of the iron and aging during subsequent 
we did not completely remove all of the charac- 
ties specific to the hot-rolled iron. Curve C for 
ron reduced 14 percent in area by cold-drawing 
bits a smaller dip in the region near 78° C 
. that in curve B for the hot-rolled iron. Cold- 
wing of the iron to 24-percent reduction in area 
sufficient to eliminate the dip in the fracture 

ss curve D in the region near —78° C 
lhe reduction of the amount of carbon retained in 
solid solution by a heat treatment of the initially 
hot-rolled iron, such as represented by the quenched 
and tempered, or annealed condition, also influences 
the fracture stresses as indicated by a nearly con- 
tinuous rise of the curves / and A of figure 27 as the 
temperature is lowered from about +30° to about 

160° C 


VI. Summary 


[rue stress-strain curves for ingot iron in various 
conditions and tested in tension at temperatures 
ranging from 196° to 100° C, are presented. 
Derived graphs also are presented showing the 
effects of the testing temperature and initial condi- 
tion of the ingot iron on the mechanical properties 
and work-hardening characteristics. 

The true stress-strain curves for tension tests at 
temperatures ranging from — 196° to + 100° C with 
annealed, normalized, quenched and tempered, hot- 
rolled and cold-drawn ingot iron are not linear be- 
tween maximum load and fracture; the divergence 
from a linear relationship generally increases as the 
testing temperature is lowered. 

The logarithmic graphs of the true stress-strain 
data for ingot iron tested in tension at temperatures 
ranging from 196° to 100° C are not linear, and 
thus the true stress-strain relationship cannot be 
represented accurately by the equation, ¢c=ké". 

The plastic deformation of the ingot iron is not 
uniform during extension. Some local contraction 
usually occurs at the initial yielding of the iron and 
during deformation between yield and maximum 

The deformation from maximum load to frac- 

is frequently nonuniform, as indicated by a 

eyelic trend in this portion of the true stress-strain 
eurves 

The “rim effect”’ obtained during the fracture of 

got iron is considerable except at the very low 
esting temperatures. Accurate values of the frac- 
therefore, cannot be determined from 
diameter measurements of the ingot iron specimens 

Iter fracture, except possibly for those tested at 
very low temperatures. 

Deformation by twinning (Neumann bands) occurs 

ng the deformation of specimens of ingot iron 

sted in tension at temperatures below —120° C, 

| the amount of twinning depends upon the testing 

mperature and the prior strain history of the 
cimen; the twinning increases with decrease of 
perature below 120° C and with 


ire stress, 


decreases 


prior cold-working of the iron at room temperature. 

The work-hardening of ingot iron during test in 
tension at temperatures below —120° C is mainly 
strain-hardening, and the rate of total work-hard- 
ening increases with decrease in the testing tempera- 
ture. As the temperature is increased above 120 
C, the influence of strain-aging in increasing the total 
work-hardening rate appears to be appreciable. 
Above room temperature strain-aging is the predom- 
inating factor, and the total work-hardening rate 
increases greatly with increase in temperature. 

The effect of the ferrite grain size is manifested in 
the yield stress values; the yield stress decreases 
with increase in the grain size. The work-hardening 
rates at very small strains also are influenced by the 
ferrite grain size; the rate increases with increase in 
the grain size. The difference in the grain size of 
the iron in the various initial conditions, however, 
was not sufficient to greatly affect the other mechan- 
ical properties. 

The variation of the strains at maximum load and 
at fracture with temperature, as determined in ten- 
sion tests, depends upon the initial condition of the 
iron; it varies with the amount of carbon retained 
in solid solution and the prior strain history. The 
transition temperature ranges, as determined by 
variations in the strains at fracture, in general, are 
relatively broad. 

The fracture stress curves (true stress at initial 
fracture) show a trend of an increase in the fracture 
stress values with decrease in testing temperature 
below room temperature. However, several factors, 
such as strain-hardening, strain-aging, and strain at 
fracture greatly influence the fracture stresses and 
result in many deviations from this trend. 


The authors are indebted to C. R. Johnson, R. L. 
Bloss, Lavaria B. Weinrich, and Fannie A. Wilkinson 
for assistance in this investigation. 
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Effects of Pressure and Other Variables on Determinations 
of Octane Number’ 


By William J. Levedahl 


Knock ratings made at altitude differ significantly from those made at sea level by both 
the ASTM Motor and Research Methods. Experiments were made in an altitude chamber 
to determine the effect on measured values of octane number of ambient pressure, engine 
speed, inlet mixture temperature, spark advance, knock intensity, exhaust back pressure, 
and diameter of carburetor venturi. The results indicate that no changes short of super- 
charging the engines will give ratings identical with those determined at sea level. 


I. Introduction More recently, two developments have led to the 
belief that the empirical method outlined above js 


After the adoption in 1933 of the ASTM Motor not wholly satisfactory in insuring uniformity of 
Method for determining the octane numbers of fuels, ratings. These are changes in the composition of 
it was found that the ratings obtained by various motor gasoline due to the method of manufacture and 
laboratories differed somewhat, and that the differ- the more general use of the primary reference fuels, 
ences increased with the altitudes of the test labora- n-heptane and isooctane, instead of secondary refer- 
tories. In 1937, by throttling the intake and pump-- ence fuels. Current gasolines are more sensitive to 
ing down on the exhaust, Holaday and Moore [1]? engine operating conditions than earlier fuels, and 
showed that ratings decreased with decreasing charge hence show greater differences in ratings by th 
density. They found that, at constant compression Motor and Research Methods. The secondary 
ratio, the knock intensity at 25 in. Hg with a %-in. reference fuels behave similarly with respect to the 
venturi was equal to that at sea level with a “¢-in. primary reference fuels. 
venturi and throttle plate. The subsequent use of Hence the American Petroleum Institute and th: 
larger venturis resulted in better agreement among National Bureau of Standards undertook a furthe: 
ratings made at altitudes up to 5,000 ft. investigation of the problem of altitude ratings iv 

The problem became more serious in 1939, when 1949. The objectives of the program were to estab- 
the Research Method was adopted by the Coopera- lish the magnitudes of rating variation with pressur 
tive Fuel Research Committee as a supplementary for several typical fuels, to check the guide curves 
method of rating fuels. Tests showed that neither and to investigate the individual effects of certai 


changing the size of venturis nor varying the spark operating variables. 
advance would compensate satisfactorily for altitude. lest 
In 1941 this Bureau, in cooperation with the CFR II. Test Equipment the 
Motor Fuels Division, conducted tests which indi- a ; , t 2 era 
cated [2] that, with the fuels available at that time, The engine used in this project was a standard mn 
the effect of altitude on knock ratings could be elim- ASTM-CFR knock rating engine [3], with a single Hy 
inated by operating at constant knock intensity. cylinder of 3'4-1n. bore and 4'5-in. stroke. Che com- pre 
Blends of secondary reference fuels (A-6 and C-12) Pression ratio could be varied between 4:1 and 10 bou 
; by raising or lowering the cylinder, and determined De 


were used in this work. 

\ series of “guide curves”’ was established to indi- 
cate the proper compression ratios for maintaining 
standard knock intensity at all barometric pressures 
and octane numbers. These curves (one curve for 
each octane level) are parallel straight lines, one for 
each octane number, the slopes of which are 0.030 
and 0.020 in./in. Hg for the Motor Method and for 
the Research Method, respectively. Application of 
this method in various laboratories gave ratings that 
were essentially independent of the altitude of the 
test engine 

With the development of the Detonation Meter, 
Model 501, as an alternate to the bouncing pin, a 
second set of guide curves was established at this 
Bureau in 1948 for use with the “¢-in. venturi. 


by means of a micrometer. All settings and operat- 
ing conditions specified in reference [3] were followed 
excepting only the cases for which deviations ar 
svecified herein. Both the bouncing pin and th 
alternate Model 501 Detonation Meter were used t 

the present work. 

The air-consumption tests were made with a mul 
tiple-orifice air meter developed by the Ethyl Cor- 
poration. The test engine was installed in a con- 
ventional altitude chamber large enough to accom- 
modate all equipment and two operators. <A gat’ 
valve in the exhaust line was used to control exhaust 
back pressure in some tests. The coolant condense! 
was vented outside the chamber, so that the sam 
boiling point prevailed at all altitudes. Chamber 
pressure was determined by subtracting the reading 
This project was a joint undertaking of the American Petroleum Institute and of a U-tube mercury manometer connected between 


the National Bureau of Standards ; 
Ficures in brackets indicate the literature references at the end of this paper. the chamber and the atmosphere from the barometri 





ire { sensitive aircraft altimeter was then TABLE 2 Variation of Motor Method ratings with pressu: 
ed to as an aid in maintaining constant pressure. Continued 


ns Ill. Altitude Chamber Tests 301 Detonation Meter Bouncing pin 
Chamber Ventur 


Effect of Pressure on Octane Number Ratings presoure | diameter | Rating | Micron Rating | Microm 
octane 0 eter octam 0 eter 


indard procedures [3] were used throughout the 





unless otherwise noted. Prior to each series FUEL 2 
0 ins at reduced pressure, the engine and knock 
tion apparatus were “standardized”? with the 29. 67 9/16 90.1 0. 278 
1 20. 64 W/16 uO 0. 271 
ber open Subsequent tests were made at pro- 29.0 9/16 a9. 9 2H) 89.7 253 
oo : : =. | 9/16 9.3 2% 9.3 223 
vely lower pressures, keeping standard knock p ie =. — aaa om 
sity by changing the compression ratio without mn 
. ~ . ° 0 44 ao. 0 275 U4 246 
thelr adjustment of the Detonation Meter or 25.0 ‘ RR. f 2M) 8G, 2 H) 
23.0) ‘ 87.7 191 &S. | 165 
neimng pin ; a1 4 87 137 RG. ¢ 122 
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} IGURE l Variation of octane 


ASTM D 357 Motor 


For composition of the seven fuels, see table 1 
, Rated with Detonation Meter, Model 301; @, rated with boun 


ng pin 
As can be seen in figure 1, the octane number 
ratings of the leaded primary reference fuels (3 and 
4) decrease with increasing pressure, whereas those 
of the other five fuels increase with the pressure. 
In most cases the rating at 26 in. Hg with the 3/4-in. 
venturi is approximately equal to the rating at one 
atmosphere with the 9/16-in. venturi 

Only the 9/16-in. venturi was used in the Research 
Method tests, and runs were made at sea level, 27, 
24, and 2l-in. Hg pressure. Fuels 3 and 5 were 
run only at sea level and 21-in. Hg. All fuel types 
tested by both methods showed the same trends by 
the Research Method as by the Motor Method. 
Secondary reference fuel C-14 increased in rating 
about 0.1 octane unit per inch of mercury pressure 
drop. Table 3 and figure 2 give the Research 
Method ratings at the various pressures for the 
fuels tested. 

Constant knock intensity “guide curves” of mi- 
crometer setting versus barometric pressure were 
then determined for the Detonation Meter by both 


TABLE 3. Variation of Re search Method ratings with j 


Rated with 


Rated with primary reference fuels 
. ary reference 


501 Detonat 
Meter 


501 Detonation 
Meter 


Chamber Bouncing pin 


pressure 


Rating 
octane 


Rating 


ting 
Microm- Rating 
octane 


eter octam 
no no ™m 


M 


the Motor and Research Methods (figs. 3 and 4, 
tables 4 and 5). These curves show the cylinder 
height necessary to maintain standard knock in- 
tensity (a reading of 55 on the knockmeter) with 
primary reference fuel biends of 40 to 100 octane 
number. 

The solid lines on the figures show the values 
obtained in these tests, while the dotted lines ar 
those defined in reference [3]. Since no Detonation 
Meter guide curves have been adopted for use with 
the %-in. venturi, the dotted lines here show 
bouncing pin curves. 
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Motor Vethod guide curves for various 
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pre ss8ures 


Chamber pres 
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hese results indicate that standard guide curves 
not have sufficient slope, particularly at the 
r octane levels. No conclusions should be 
vn relative to the guide curve spacing for the 


Research Method guide curves for various pressures 
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lhe solid lines represent data obtained in this research; the broken lines are the 
guide curves currently in use [3 














Figure 3. 


Motor Method, as the customary practice of changing 
the Detonation Meter setting at the higher octane 
levels was not adhered to in these tests. 


2. Effects of Pressure on Air Consumption (Motoring 
Only) 


It was thought that failure to obtain the same 
ratings at all altitudes might result primarily from the 
differences in air consumption. Therefore, air con- 
sumption while motoring was measured under both 
Motor and Research Method conditions at pressures 
down to 21 in. Hg. The effects of oversized ‘uris, 
a high-lift camshaft, and change im exhau yack 
pressure were also determined. The high-lift cam- 
shaft used had an inlet cam that increased the 


§ “Motoring” designates nonfiring operation of the engine 
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guide curves currently in use [3 


Fieure 4 


the broken lines are 


maximum travel of the valve and caused it to remain 
open for 45° instead of 34° of the compression stroke. 
Compression pressures were also recorded. 

Under both standard conditions, air consumption 
decreased slightly faster than the chamber pressure. 
Increasing the venturi diameter from %» in. to % in. 
produced a 10-percent merease in volumetric effi- 
ciency for the Motor Method, but only about 3 per- 
cent for the Research Method. This was the equiv- 
alent of restoring sea-level air consumption at 27 in. 
and 29 in. Hg im the two methods, respectively 
The high-lift camshaft made no improvement under 
Motor Method conditions and caused a slight 
decrease in Research Method volumetric efficiency. 
An Aviation Method curved inlet elbow also proved 
to be of no value for this purpose. An increase in 
exhaust back pressure decreased air consumption. 
Compression pressure was always proportional to 
air consumption when no excess back pressure was 
used. 


3. Individual Effects of Engine Operating Variables 


In these experiments the engine was run with all 
operating conditions standard except that being 
investigated. 

(a) Exhaust Back Pressure 


An increase of 9-in.-Hg exhaust back pressure 
caused an apparent increase of about one octane 
unit in the Motor Method rating, while in the 
Research Method, rating was decreased approxi- 


mately the same amount. Engine operation 


extremely rough and erratic. 


(b) Engine Speed 


In order to determine the effect of engine spee: 
octane number ratings, the engine was run w 
standard Motor Method conditioas, except that 
speed was reduced from 900 to 600 rpm. F 
1, 4, 5, 6, and 7 were rated at 21 m. Hg, and in 
cases it was necessary to decrease the compress 
ratio below that specified in the Motor Met! 
guide curves in order to keep the detonation dow) 
standard knock intensity. 

All fuels except No. 4 showed an average increas 
in rating of about 6 octane units. Fuel 4 showed ; 
decrease in rating of 2.4 octane units. Redu 
the engine speed by 300 rpm has a greater effect on 
the rating than does a decrease in pressure of 9 in 
Hg. However, the magnitude of the effect of speed 
varies greatly from fuel to fuel so that no single 
change in speed could be expected to have the sam 
compensating effects for all fuels. 


(c) Inlet Temperature 


The effect of lowering intake gas temperature in 
25° F increments was measured for the Motor 
Method. Fuels 2, 4, and 6 were run with the *%-in 
venturi at 21 im. Hg. Fuels 2 and 6 rated about one 
octane unit higher for every 25-deg drop in manifold 
temperature. The rating of fuel 4 changed in the 
opposite direction by about one octane unit for every 
50-deg drop in temperature. 

No experiments were made with lower inlet tem- 
perature for the Research Method because the 
standard temperature of 125° F is considered to be 
just adequate for vaporization of a 400° F end-point 
gasoline [4]. 

(d) Ignition Timing 


The effect of spark advance on Research Method 
ratings was determined at 21 m. Hg for fuels 4, 8 
and 9. Results indicate that a change in timing 
cannot cause any significant increase m ratings at 
low pressures. 

(e) Knock Intensity 


The next independent variable to be tried was 
knock intensity. At 21 in. Hg, fuels 4 and 8 wer 
rated by the Research Method at standard microm 
eter settings and at setting 0.045 in. and 0.090 in 
below the guide curve. The higher compression 
ratios gave much higher knock mtensities, which 
lowered the rating of fuel 4 by about one octane unit 
and increased that of fuel 8 by about 0.2 unit. 


(f) Bouncing Pin Setting Adjustment 


Attempts were made to restore Research Method 
octane number ratings at 24 in. Hg of fuels 4, 5, 6, 7 
and 8 to their sea-level values by adjusting 1 
bouncing pin. No consistent improvement seems 
possible by use of this technique. 
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IV. Conclusions 


\ll of the fuels tested in this program changed in 

ae rating as the pressure of the altitude chamber 

decreased. In general, the fuels that were the 

st sensitive to altitude changes were those with 

highest sensitivity to engine severity, as defined 

by the differences between their Motor Method and 

it search Method ratings. This is to be expected, 

as the higher compression ratios used at lower cham- 

ber pressures increase the engine severity by raising 
the compression temperatures. 

It has been shown that decreased inlet temperature 
and decreased speed shift altitude ratings by the 
Motor Method toward their sea-level values, but at 
different rates for various fuels. Although the effects 
of spark advance on this method were not investi- 
gated, a change im this factor might prove ad- 
vantageous. Larger carburetor venturis have proved 
iseful, and permit ratings to be maintained at about 
their sea-level values up to altitudes to 3,000 to 4,000 
ft. It is possible that the Motor Method ratings are 
capable of being equalized throughout the altitude 
range by use of a suitable combination of changed 
conditions. 

The Research Method, on the other hand, does 
not lend itself well to modifications of this type. 
The spark advance is already nearly the optimum, 
nlet temperature is at about the minimum that will 
assure adequate vaporization of the fuel, the volu- 
metric efficiency is improved very little by use of a 
larger venturi, and the engine speed is already very 
low 

It appears, therefore, that the surest way of making 
the engine severity equal to that at sea level, regard- 
less of the altitude, is to supercharge the inlet and 
throttle the exhaust, thereby simulating sea-level 
conditions. For this purpose, a small single-stage 
centrifugal compressor would probably suffice. The 


air would enter the blower through a standard 
humidity-controlling ice tower, and thence through 
the standard air heater to a pressurized carburetor. 
It is possible that an after-cooler may also be neces- 
sary to keep the inlet temperature below 125° F in 
the Research Method at the lower chamber pressures 
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Creep of High-Purity Copper 


By William D. Jenkins and Thomas G. Digges 


Creep tests were made at 110°, 250 


ductivity copper 


of plastic extension and thereby affected the creep behavior 


, and 300° F 
The rate of loading to the ultimate had a significant effect on the amount 


on annealed OX gen-free high-con- 


strain rate during the 


so-called second stage of approximately constant rate was not constant but varied in a evelic 


manner 


stages 


other tests this stage was initiated without the presence of such cracks. The 


\ less-pronounced cyclic variation was also evident in both the first and third 
The beginning of the third stage was often accompanied by microcracking, but in 


parent grains 


were fragmented during creep, and strain markings were observed in all specimens carried 


to complet fracture 


I. Introduction 


Creep tests in tension were made on annealed 
vgen-free high-conductivity copper as a part of a 
tinuing investigation at this Bureau on the creep 


of metals and alloys. Additional tests at elevated 
and subzero temperatures on this copper and other 
materials are in progress. In a previous paper {1}! it 
was shown that the flow, ultimate and fracture 

Figures in brackets indicate the literature re tt 


ferences at the end o whine 
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stresses, and ductility increased with a decrease in 
test temperature and with an increase in strain rate 
of another lot of oxygen-free high-conductivity 
copper initially cold-rolled 75-percent reduction 
in area. 

Parker and Riisness [2] reported that the creep 
strength at 200° C of annealed oxygen-free high- 
conductivity copper was independent of the grain 
size. Parker [3] also determined the stress-rupture 
properties at 200° C of this type of copper initially in 
the conditions as (1) annealed, (2) cooled in air, and 
(3) quenched in water from 850° C. The strength 
and ductility of the quenched specimens were 
appreciably lower than those of the specimens as 
annealed or as cooled in air. A linear relation was 
shown in a log-log plot of the experimental values 
of the stress versus the time to rupture for both the 
annealed and air-cooled conditions, but there were 
points at which changes occurred in the slope of the 
curve for the initially quenched specimens. Some 
recrystallization occurred in specimens, which were 
cold-rolled from 1.0 to 0.1 in. in thickness, after 
heating at 200° C for 29 hr. 

Davis [4] made a study of the creep and relaxation 
(constant deformation) at temperatures up to 235° C 
of oxygen-free copper initially extended 8 percent in 
tension, and he attempted to correlate the results 
of the two different types of tests by using various 
theories of plastic deformation. At 235° C, the creep 
(extension-time) curves tended to become straight 
after about 400 hr, but at 165° C they did not 
become straight until after about 1,200 hr; at 30° C, 
the curves had not reached a constant slope after 
3,500 hr. The stresses used in these creep tests 
ranged from 12,000 to 16,000 psi at 30° C, 4,000 to 
10,000 psi at 165° C, and 2,500 to 7,000 psi at 
235° C. The logarithms of minimum creep rates for 
all the tests, except those at 30° C, were plotted 
against the stress, and straight lines were drawn to 
fit these data (semilog plot). He concluded that the 
hyperbolic-sine relation between the minimum creep 
rate and stress fitted the test data very well. No 
accurate theory existed by which the shape of the 
relaxation curve could be predicted from data 
observed in creep tests when the temperatures were 
within the range covered in these tests. The strain 
rate in the latter stages of a relaxation test was 
slower than the minimum creep rate for the cor- 
responding stress. 

Burghoff and Blank [5] presented data on creep 
at 300°, 400°, and 500° F of four types of wrought 
copper and several copper alloys initially as annealed 
and as cold-drawn. Usually, their creep tests did 
not progress beyond the first stage (that of decreas- 
ing rate under constant load) within a period of 
about 6,000 hr; the values reported for creep rate 
were those obtained in the latter part of the test. 
A linear relationship was shown in a log-log plot of 
the experimental values of stress versus strain rate 
for oxygen-free copper (99.98 percent copper) initially 
both as annealed (0.025-mm grain diameter) and as 


cold-drawn 84 percent. The cold-drawn specim ns 
became about half recrystallized during the co) rse 
of the tests at 300° F and completely reerystal}),.4 
at 400° F shortly after the creep load was applied. 

Schwope, Smith, and Jackson [6] recently inyesti- 
gated the effect of cold work on the short-time er p 
strength in tension and compression at 570° F and 
on the long-time creep strength in tension at lower 
temperatures (200° to 300° F) of several types of 
commercial copper, including the oxygen-free hich- 
conductivity grade. They reported that cold work 
increases the creep strength of copper, but its bene- 
ficial effect is lost at temperatures where recrystalli- 
zation was rapid. The trends in the short-time creep 
tests were also evident in the longer time creep tests 
A linear relation was shown in ie of stress versus 
log of strain rate of the experimental values for both 
the short- and long-time tests. 


II. Material and Testing Procedures 


All specimens were cut from a bright annealed 
'%,-in. round bar of oxygen-free high-conductivity 
copper (OFHC) containing 99.99+ percent of cop- 
per as determined by chemical analysis. The ar 
spectrum of the copper was examined for the sensitive 
lines of Ag, Al, B, Be, Co, Fe, In, Ir, Mg, Mo, Na. 
Ni, Pb, Sb, Si, Sn, Ti, V, and Zn. The lines for 
Ag, Al, Mg, and Si were identified, and there was 
some indication of the presence of Fe, Ni, and Pb. 

Some properties at room temperature of the an- 
nealed copper were as follows: 


Average grain diameter, mm 

Average hardness, Rockwell F 

Tensile strength, 1,000 psi__- 

Yield strength, (0.2 percent offset) 1,000 psi. 
Elongation in 2 in., percent at maximum load. 
Elongation in 2 in., percent at fracture____ 
Reduction of area, percent at maximum load_ 
Reduction of area, percent at fracture 


The creep tests were made on specimens having a 
0.505-in. gage diameter and a gage length of 2 in.; 
all specimens were prepared from the same bar. The 
tests were carried out in a noncontrolled atmosphere 
(air) at temperatures of 110°, 250°, and 300° F 
The temperatures of the creep furnaces were con- 
trolled within the range of about +1 deg F of the 
desired temperature (temperature differences within 
the gage length of the test specimen were less than 
3 deg F), and the probable error of extension 
measurements was less than 0.00002 in. The speci- 
mens were held for a minimum of 48 hr at tempera- 
ture before loading, and the rate of loading of each 
specimen to the selected ultimate* stress was ac- 
curately controlled. Each creep test was made at : 
constant load, which was maintained for the com- 
plete test. A rate of loading of 3,200 psi/hr (3,200 
psi applied at 1-hr intervals) was selected as a 

? The terms ‘‘ultimate stress’ are used to designate the selected stress applied 


to a specimen for testing in creep at a constant load. The value for ultimat: 
stress is obtained by dividing the load by the original area of the specime: 
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idard,”’ and this rate was used in all tests 

»t those in which the rate of loading was varied 

termine its effect on creep behavior. When the 

sate stress (nominal) * was not divisible by 3,200, 
emainder was added as the final step. 

he equipment used for creep testing is essentially 

same as that used and described in previous 

stigations [7]; some improvements have been 

made, especially in temperature controllers, measur- 

ing microscopes, and method of attaching the strips 
to specimens for measuring the extension. 

Rockwell F hardness (60-kg load, 1/16-in.-diameter 


— 
the stress obtained by dividing the current 
the original area of the specimen Che true stress is defined as the stress 
i by dividing the current load by the current minimum area of the speci- 


nominal! stress is defined as 


ball) measurements were made on the bar as annealed 
and on selected specimens after testing either in 
creep or in normal tension at room temperature. 
Two flats 180° apart were prepared parallel to the 
longitudinal axis of the specimens tested to fracture 
in tension, and the Rockwell readings were made at 
room temperature on various points along the center 
line of these flats. The diameters of the specimens 
at the points of indentation were accurately de- 
termined by means of a measuring microscope. 
Thus, the hardness values could be correlated with the 
degree of plastic deformation. 

Usual procedures were followed in preparing 
specimens by mechanical methods for metallography 
and in carrying out the metallographic examinations, 


Summary of conditions used and results of creep and tension tests on high-purity copper initially as bright annealed 


Loading Creep 
schedule rate 


ian 
h 
as annealed 40, 000 


60, 000 


tially as annealed 3,200 psi/hr 

Load added in 
increments 

1600 oF 

200 psi 
Loading time 

at 110° F 

1,076 hr 

3,200 psi/hr 165 


led 9.5% at 250 
with ultimate of 
6,000 psi. Tempera- of 
ture changed to 110 +, 
at 4,062 hr 


tially as annealed 


Extended 9.5% at 250 Load added in 
F. with ultimate of increments 
6,000 psi. Tempera of 1,600 of 

changed to 110 3,200 ps 
F. at 4,062 hr Loading time 
at 110 _-* 
2,756 hr 
3,200 psi/hr 


2, 100 


tially as annes 
Applied it 


stantane 
ously 


3,200 psi/hr 


3,200 psi/wk 


nded 8.94%, at 250 
with ultimate of 
mm) psi for 2,472 


3,200 psi ap- 
plied instan 
taneously 


3,200 psi/h 


led 9°), in tensile 
tat 80° F 


is annealed 3,200 psi/hr 


led 18 at 250 
,o8l hr. with 

mate of 19,200 psi 
AS annealed 


3,200 psi added 
instantane 
ously 

3,200 psi/hr 


3,200 psi/hr 
at 250 ALU 19.2 remperature 
with change only, 
16,000 with load on 
specimen. 
3,200 ps./hr 


200 to 990 
led 16.5 330 to 835 
4,050 hr 
ates of 
19,20 psi 
aS annealed 


Beginning of third 


° End of test 
Stage 


Plastic 
extension 


Plas Plas Remarks 
tic rrue Lic : rrue 
exten stress exten 
sion 


rime stress 


000 

thiin 

140.0 Tested to frac- 

ture 

st) rest stopped be 
bore complete 
fracture 


Test stopped in 
second stage 
Do 


Tested to com- 
plete fracture 
Do 


Test stopped in 
second stage 
Do 


rest still 
progres 


rest stopped 
second stage 
Do 


rest stopped in 
| stage he 
fore complet« 
fracture 


Do 


Tested to con 
plete fracture 
Do 


ay 











III. Results and Discussion 


1. Influence of Temperature, Stress, and Rate of 
Loading on Plastic Extension in First Stage of 
Creep 


The experimental results are summarized in table 
1 and figures 1 to 27. The influence of temperature 
on the stress-strain relationship of the initially 
annealed copper is shown by a comparison of the 
relative positions of the curves in figure 1. Except 
for the specimen extended at 80° F (room tempera- 
ture) at a rate of 6X10 percent/1,000 hr, each 
specimen was loaded in increments of 3,200 psi 
applied hourly (hereafter designated as “standard” 
rate of loading), and the values plotted for extension 
are those obtained after the application of the loads 
for a period of 1 hr. Obviously, the resistance to 
flow decreased as the test temperature was increased. 
The relatively high resistance to flow of the specimen 
at 80° F was due partially to the higher strain rate 
used; an increase in strain rate and decrease in test 
temperature both tend to increase the rate of work 
hardening. 

Stresses of 3,200 and 6,400 psi produced only small 
amounts of plastic extension in 1 hr m specimens at 
110°, 250°, or 300° F. With the application of 
higher stresses at each of these temperatures, how- 
ever, the specimens continued to extend durmg the 
1 hr they were subjected to the constant stress 
(creep usually occurred at a decreasing rate), as is 
illustrated by the typical curves given in figure 2 
for a specimen tested at 300° F. 

The stress-strain curve, for a specimen initially 
extended 9 percent in tension at room temperature 
before heating at 250° F for 48 hr and then loaded 
at the standard rate to an ultimate of 19,200 psi, is 
given in figure 3. The resistance to plastic deforma- 
tion at 250° F was materially increased by the cold- 
working at room temperature. Although the in- 
crease in plastic extension at 250° F was less than 
0.3 percent after the application of the stress of 
19,200 psi for 1 hr, the shape of the curve shows 
that relatively rapid increases in extension occurred 
with the application both of the initial and final 
stresses. The rapid increase in deformation with the 
application of only 3,200 psi indicates that the 
internal stress induced by cold-working was con- 
siderably relieved during the period of heating at 
250° F before applying this stress; the rapid increase 
in extension with the application of a stress of 
19,200 psi may be attributed to a change in grain 
orientation. 

The effect of variations in the rate of loading on 
the plastic extension at 250° F is shown by the 
results summarized in figure 4. The experimental 
points as plotted im this figure are based on the ex- 
tension produced after the different loads were 
applied for a period of 1 hr and also at the end of the 
period of creep when the specimens were allowed to 
remain under constant loads for periods in excess of 
1 hr. Ata stress of 16,000 psi, the plastic extension 
increased somewhat with change in rate of loading 
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from instantaneous * to increments of 3.200 psi/hy 


(standard), but the elongation obtained with ¢h, 
standard rate was the same as that of a specimen 
loaded at a considerably slower rate in incremen (s of 
3,200 psi/week. However, the paths of the styoss. 
strain curves of the specimens loaded at the standard 


(3,200 psi/hr) and slow rates (3,200 psi/week) wer 
not alike. In the early stages of loading, the cury, 
for the specimen loaded relatively slowly was at 


higher level (value for extension after load was 
applied for 1 hr) than that of the curve of the speci- 
mens loaded at the standard rate; the stress-strain 
curves as reproduced for these two specimens either 
coincide or cross at several points due to the chang 
in plastic extension with increase in time from | hy 
to 1 week at a constant load. At a stress of 19,200 
psi, the plastic extension (after 1 hr) of the specimen 
loaded at the relatively slow rate was greater than 
that of the specimens loaded at the standard rate 
and it was less than that of a specimen loaded at the 
standard rate to 16,000 psi, allowed to creep at this 
load for an appreciable time (2,472 hrs) before in- 
creasing the stress to 19,200 psi. 

The stress-strain curve for a specimen at 110° F 
which was loaded at the standard rate, and th 
curve for another specimen at 250° F on which a 
stress of 16,000 psi was applied instantaneously ar 
given in figure 5. The stress of 16,000 psi remained 
on the specimen at 250° F for 4,062 hr (extension of 
9.5 percent) before reducing the test temperature to 
110° F (load not changed); the test was then con- 
tinued for 236 hr at 110° F (less than 0.1-percent 
increase in extension) before increasing the stress to 
28,800 psi in increments of either 1,600 or 3,200 psi 
and allowing to creep at each load for the time as 
given on the curve. The latter curve falls appre- 
ciably below the former curve, especially in the re- 
gion corresponding to the higher range in stress 
Thus the rate of loading to the ultimate and th 
thermal history had a marked effect on the amount 
of plastic extension, and this in turn affected the 
creep rates in the first, second, and third stages, th 
duration of these stages, and ductility at fracture 
(table 1). 

The results presented in a previous investigation 
[8] also showed that the creep behavior of initially 
cold-drawn ingot iron was affected by the rate of 
loading to the ultimate. The creep rate in th 
second stage and elongation at fracture both de- 
creased with a decrease in rate of loading in the first 


stage. 


2. Influence of Prior Thermal-Mechanical History 
on Creep Behavior 


A summary of the extension-time curves for th 
various conditions investigated is given in figure 6 
and the influence of prior strain history on creep 
behavior is shown by a comparison of these curves 
and those reproduced in figures 7, 8, 9, and 10 

At an ultimate stress of 19,200 psi (fig. 7), th 


‘ The term “instantaneous” is used to designate the rate of loading i 
the load was applied gradually over a period of about 30 sec 





al trend was for the creep rate at 250° F to de- 
e as the rate of attaining the initial extension of 
t 9 percent was increased. That is, for the 
time or strain interval (table 1), the slowest 
age creep rate during the second stage occurred 
ie specimen initially extended about 9 percent 
om temperature, intermediate in the specimen 
d at the standard rate and extended at 250°‘ 
nd next fastest in the specimen allowed to creep 
8.0 percent at 250° F (stress of 16,000 psi) before 
ving a stress of 19,200 psi. The fastest creep 
occurred in the specimen loaded 3,200 psi/week. 
{1 300° F, the average creep rates in the second 
stage and the extensions both at the beginning of 
the third stage and at complete fracture were alike 
for specimens either loaded slowly (allowed to creep 
at 250° F before increasing the test temperature) or 
at the standard rate, but the total time required to 
ach the third stage and fracture was greater for 
the specimen loaded at the standard (faster) rate. 

{t an ultimate stress of 22,400 psi (fig. 8), the 
average creep rate in the second stage at 250° F of 
the specimen loaded at the standard rate was only 
about one-quarter of that of another specimen al- 
lowed to extend approximately 18 percent at 250 
F before applying the ultimate load; the difference 
n plastic extension at the start of the third stage in 
the two specimens is partly due to the difference in 
strain rates in the second stage. 

At an ultimate stress of 25,600 psi (fig. 9), the 
average creep rate in the second stage at 110° F of 
the specimen loaded at the standard rate was con- 
siderably slower than that of the specimen loaded 
relatively slowly (extended about 9.5 percent in 
1,062 hr at 250° F with load of 16,000 psi before 
decreasing temperature to 110° F and then increasing 
the load to 25,600 psi in 1,076 hr). 

At an ultimate stress of 28,800 psi (fig. 10) the 
average creep rate in the second stage at 110° F of 
the specimen loaded at the standard rate (relatively 
fast) was considerably less than that of another 
specimen allowed to creep at 250° F and at 110° F 
with lower stresses before applying the ultimate. 


The extension-time curve for a specimen tested at 
250° F with an ultimate stress of 22,400 psi into the 
third stage of creep is reproduced in figure 11. The 
curve as plotted is typical of the idealized creep in 
tension (constant load and temperature) in that it 
consists of an initial extension (about 15 percent) and 
stages of primary, secondary, and tertiary creep, 
respectively; the test was discontinued before com- 
plete fracture. However, the strain rate during the 
so-called second stage of approximately constant rate 
vas not constant but varied in a cyclic manner over 
in appreciable range as is illustrated by the course of 
the creep rate-time curve given in the upper part 
f the figure. Even in the primary (creep at a 
decelerating rate) and tertiary stages (creep at 
ccelerating rate leading to fracture) the change in 
stram rate with time did not always occur uniformly 

ntinuous decrease or increase, respectively) but 
n varied in cycles or showed discontinuities in 
| of these two stages. 


} 


Although some irregularities were observed in the 
creep rate-time relation in each specimen of high- 
purity copper as tested in tension in creep, the test 
conditions and prior mechanical history affected the 
amplitude and frequency of the cycles or discontinui- 
ties. For example, the cycles are quite prominent 
in both the first and second stages for the test condi- 
tions as given in figure 9. Cyeling is not evident in 
the first stage in the creep rate-time curve for the 
specimen tested at an average creep rate of 165 per- 
cent per 1,000 hr (fig. 10), or in the third stage of 
another specimen tested at a creep rate of 2,100 
percent per 1,000 hr. The two specimens differed in 
strain history, which affected the creep rates. It 
should be pointed out that some cycling or irregu- 
larity did occur for each of these conditions, however, 
the eveling trend is not manifested in the curves until 
the time coordinate is expanded considerably over 
that used in figure 10. The phenomenon as observed 
in the first, second, and third stages is not a direct 
result of the increase in true stress with increase in 
plastic deformation during the course of the test as 
is illustrated for the first and second stages in figure 9 

The effects of test temperature and stress on the 
eveling of stra‘n rate in the first stage of creep of 
initially annealed specimens are shown by a com- 
parison of the curves in figure 12. The trend was for 
the cycling in this stage to decrease in amplitude 
with increase in both stress and temperature. 

As is illustrated in figure 13, the observed trend 
was for the amplitude of the creep  rate-plastic 
extension cycles in the second stage to decrease with 
an increase in both the strain rate (constant tem- 
perature) and the temperature (constant strain rate 
A significant feature is that at a constant tempera- 
ture, the beginning of this prominent cycling effect 
was shifted to lower strain values as the ultimate 
stress was decreased. Furthermore, the amount of 
plastic extension at the beginning of the second stage 
of creep decreased with a decrease in ultimate stress 
Irregularities are also shown in the creep rate during 
the first and third stages. However, these irregu- 
larities were less prominent in the third than in the 
first stage and considerably less prominent in both 
than in the second stage of creep. 

The described discontinuities and cycling con- 
ditions in the creep rate-time curves are believed to 
be due to changes in the degrees of slip and the 
accompanying work hardening and recovery. 

Cycling in extension-time curves was also ob- 
served and reported in a previous study of the creep 
characteristics of cold-drawn ingot iron [8]. 

Any adequate physical theory of the mechanism 
of the deformation of high-purity copper by creep 
in tension must account for this variation in strain 
rate with time or plastic extension. 


3. Influence of Prior Strain History on Recovery 
Characteristics 


Carreker, Leschen, and Lubahn [9] investigated 
the effect of changing stress on strain rate at room 
temperature of annealed specimens of oxygen-free 
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high-conductivity copper and high-purity lead wires. 
A discontinuous change in the strain rate followed 
by a gradual approach to a steady state value was 
produced in polycrystalline aggregates of each 
material when the applied stress was suddenly 
changed from one to another constant value. 

Part of an extension-time curve for a specimen 
tested at 250° F with an ultimate stress of 16,000 psi 
is given in figure 14. After the specimen was 
allowed to extend to about 9.0 percent, the load was 
removed in increments of 3,200 psi/hr, and when 
completely unloaded (temperature not changed), it 
was allowed to rest for 33 hr before starting reloading 
at the standard rate to an ultimate of 16,000 psi. 
The specimen was allowed to creep under this stress 
for an additional period of about 600 hr when the 
stress was momentarily increased (position D on 
curve); thereafter the specimen continued to creep 
under the original load. Although the specimen 
contracted plastically about 0.07 percent during the 
cycle of unloading and reloading, and extended 
plastically about 9.06 percent as a result of the 
momentary increase in stress, the average creep rate 
in the second stage was not significantly affected by 
these changes. However, as illustrated by the 
course of the creep rate-time curve, the amplitude 
of the cycles increased with these two changes in the 
testing procedure. 

The change in total extension (elastic and plastic) 
with time as the above specimen was unloaded in 
steps of 3,200 psi at an interval of 1 hr is shown in 
figure 15. Although the frequency of the measure- 
ments of extension was necessarily decreased in the 
late stage of each period of 1 hr, the curves as con- 


structed to represent the experimental values show 
definite trends that are believed to be characteristic. 


Cycling is evident in each curve except for the 
condition of zero These cycles are more 
prominent in the early than in the latter part of the 
periods after the application of stresses of 12,800 psi, 
9,600 psi, or 3,200 psi, and their magnitude appears 
to decrease with a decrease in stress. Although the 
specimen contracted after the removal of the loads 
to attain the stresses of 12,800, 9,600, and 6,400 psi, 
a noteworthy feature is that the extension increased 
(not decreased) immediately after the time required 
to make the initial readings. However, no change 
in extension was detected immediately after making 
the initial reading on reducing the stress to 3,200 psi, 
and at zero load the specimen contracted rapidly for 
about one-quarter hour, and thereafter, even for a 
period of 33 hr, its extension was practically un- 
changed. 

The change in total extension of the above speci- 
men after 1 hr under each constant load during 
unloading and reloading is shown in figure 16. 
Similar curves are also reproduced for unloading two 
other specimens at 250° F at the same rate (3,200 
psi/hr) from an ultimate of 19,200 psi. As is shown 
by the difference in slope of the curves, the prior 
strain history of the specimens affected the degree 
of recovery at 250° F during unloading; the decrease 
in total extension for the three specimens at zero 


stress. 


load ranged from about 0.2 percent for the spe: imey 
unloaded from 16,000 psi to about 0.3 percent fo; 
the two specimens unloaded from 19,200 psi. 


4. Influence of Temperature and Stress on the 
Average Creep Rate in the Second Stage 


The relation between nominal stress and average 
creep rate in the second stage of specimens tested 
at different temperatures is shown in figure 17. A; 
250° F, the experimental values do not fall on 
straight line in either a semilog or log-log plot. Th, 
course of the stress-strain rate curve was not cefip- 
itely established at 110° or 300° F as only two cree 
tests were made at each of these temperatures 
However, these results show that the resistance t 
creep of the initially annealed copper increased wit} 
a decrease in test temperature. 


5. Variation of Ductility with Temperature and 
Creep Rate 


In the creep tests in which the specimens wer 
loaded at the standard rate the initial extension 
intercept, extension at the start of the third stage 
extension at fracture, and reduction of area at frac- 
ture (fig. 18) each increased with an increase in 
strain rate (constant temperature) and tended to 
decrease with an increase in temperature (constant 
strain rate). It should be pointed out, however, th: 
extension at fracture of the specimen tested in creep 
at 110° and 250° F was greater than that of th 
specimens fractured at room temperature in th 
ordinary tension test (table 1). The true stress at 
complete fracture of the specimen tested at 110° F 
(strain rate of 165 percent per 1,000 hr) was als 
considerably greater than that of the specimens 
fractured at room temperature. This increase is 
believed to be due in part to the higher strain rat 
just prior to complete fracture of the specimen tested 
in creep, 


6. Influence of Prior Thermal Mechanical History 
on Room Temperature Tensile and Hardness 
Values 


The effect of plastic extension in creep at 110° and 
250° F on the flow characteristics at 80° F (room 
temperature) is shown in figure 19. The true stress- 
strain curves at 80° F (based on total deformation 
for the specimens initially as annealed or extended 
into the second stage of creep at rates of about 1.! 
percent per 1,000 hr are nearly alike over the rang 
in true stress of 40,000 to 70,000 psi. That is, th 
combined effect of creep, work-hardening, and re- 
covery at 110° or 250° F is not manifested in th 
shape of the flow curves in this range of stress. ‘Th 
true stress-strain curve at 80° F of the specimen 
extends into the third stage of creep at 250° F (49% 
extension at a rate of 10%/1,000 hr) falls appreciably 
below the corresponding curve of the annealed 
material. The lowering of the flow curve for this 
specimen previously extended in creep can be attrib- 
uted to its relatively high degree of recovery and 
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ly to the presence of cracks of submicroscopic 
sions at the completion of the creep test (fig. 
) and E). 
ill cases, the values at maximum load for plastic 
sion, reduction of area, and true stress were 
the annealed specimen than the corresponding 
valucs of the specimens previously extended in creep. 
However, the values for reduction of area and true 
stress at both the beginning of and at complete 
fracture were less for each of the specimens previously 
xtended in creep at 250° F than those of the annealed 
specimens or the specimens extended in creep at 
110° F 
The change in hardness at room temperature with 
plastic extension (reduction of area) of specimens 
tested to complete fracture in creep at different 
temperatures and rates, and in tension at room 
temperature, is given in figure 20. The hardness of 
the initially annealed specimens (2;=34) increased 
markedly with increase in plastic deformation to the 
third stage of creep (20 to 30 percent reduction of 
area, table 1); thereafter the induced hardness varied 
with the amount of deformation, temperature of 
deformation, and strain rate. Of the two specimens 
tested at 300° F, the induced hardness was somewhat 
greater and the peak in the hardness-reduction of 
area curve occurred at a greater amount of extension 
in the specimen tested at the higher strain rate in the 
second stage. In both specimens, the value for 
hardness in the vicinity of the fracture was less than 
that at some lower value of extension. The curves 
for the specimen tested in ordinary tension at 70°, 
and in creep at 110° and 250° F, were quite similar 
in that none showed a definite break or peak (that is, 
the maximum hardness is in vicinity of fracture), 
and the maximum hardness value attained in each 
was greater than that of the specimens tested in creep 
at 300° F. In the plastic range beyond the beginning 
of the third stage, however, the curve for the speci- 
men tested at 250° F is below the curves of the speci- 
mens at 80° and 110° F. 


7. Changes in Microstructure and Fracture Char- 
acteristics as Affected by Temperature and 
Strain Rate 


For the specimens tested to complete fracture in 
creep, the propensity to necking (fig. 21) and to 
transerystalline fracture (fig. 22) mereased with in- 
crease in stra rate and decrease in temperature. 
At sufficiently high strain rates and low temperatures, 
considerable necking occurred (fig. 21, A, B, and C) 
and the fractures were essentially transcrystalline 
fig. 22, B, C, and D), but with relatively slow strain 
rates and high temperatures no appreciable necking 
occurred (fig. 21, D, E, and F) and the fractures were 
predominantly intererystalline (fig. 22, KF and F). 
In the specimens that fractured in a transerystalline 
nanner (fig. 22, B and C), cracking was confined 
rincipally to the region of complete fracture, whereas 
in the specimens that fractured in an intercrystalline 
wnner (fig. 22, & and F) numerous cracks (general 
tegration) were observed in regions remote from 
plete fracture ; some cracks of microscopic dimen- 


sions were observed about 0.05 in. from the position 
of complete fracture of a specimen in which the frac- 
ture appeared to be partly intercrystalline but pre- 
dominantly transerystalline (fig. 22, D). 

The tendency for a specimen to disintegrate as 
plastic deformation by creep proceeds to intererystal- 
line rupture is illustrated by a comparison of typical 
photomicrographs of figures 22, F, and 23, A and B. 
Appre ciable crac king 1 is evident even at a deformation 
corresponding to the beginning of the third stage of 
creep (fig. 23, B) in a specimen tested at 300° F to 
complete rupture. Similar conditions were observed 
in another specimen fractured in creep at the same 
temperature (300° F) and strain rate (8.3%/1,000 
hr) but with an entirely different strain history. 
Furthermore, cracking at deformations correspond- 
ing to the beginning of the third stage of creep was 
detected in two other specimens tested at a lower 
temperature (250° F) and different strain rates (fig. 
23, C and D). The creep tests of the latter two 
specimens were terminated during the third stage 
before complete fracture, but one specimen was sub- 
sequently fractured at 80° F. 

Only a few cracks of microscopic size were observed 
at a deformation corresponding to the beginning of 
the third stage in the specimen extended in creep at 
250° F and finally fractured at 80° F (fig. 23, D). 
Although these cracks were located principally in the 
interior of the specimen in the vicinity of its axis, a 
few cracks were also located at the surface (fig. 23, 
FE). The surface cracks (not detected at a magni- 
fication of about 25 diameters) were invisible at the 
end of the creep test. As previously shown (fig. 19), 
the true stress-strain curve at 80° F of this specimen 
was materially lowered by extending in creep, and 
this decrease in resistance to flow might be partly 
due to the presence of submicroscopic cracks at the 
termination of the creep test. 

It is evident, therefore, that under certain condi- 
tions the third stage of creep can be accompanied by 
cracking, but other evidence (fig. 22, C) shows that 
cracks of microscopic dimensions are not a pre- 
requisite for the initiation of the third stage of creep 
in high-purity copper. 

Baeyertz, Craig, and Bumps [10] reported the pres- 
ence of discontinuous cracks in steel fractured by 
impact, and Jaffee, Reed, and Mann [11] also found 
discontinuous cracks adjacent to the path of final 
brittle failure in both fatigue and impact specimens 
made from steel forgings and castings. Tipper [12] 
observed microcracks near the fracture of mild steel 
plates. Jaffee and coauthors [11] were of the opinion 
that brittle transgranular fracture of polycrystalline 
metal does not originate at one point and propagate 
continuously across the material, but rather nucleate 
at numerous related points, leading to a series of 
microcracks that link up subsequently. 

In some cases, cracking leading eventually to com- 
plete fracture was initiated at the axis of specimens 
tested in tension, whereas in other specimens cracking 
was initiated at the surface. As is illustrated in 
figure 24 and 25, the position (interior or exterior of 
the specimen) where cracking was initiated and the 
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course of the propagation of these cracks depended 
upon the test conditions, such as strain rate and 
temperature. In a specimen extended in ordinary 
tension at 80° F until the true stress-strain curve 
indicated the beginning of fracture (fig. 24, A), 
cracking started at or near the axis of the necked 
section (fig. 24, 2), and had the specimen been car- 
ried to complete rupture these discontinuous cracks 
(fig. 25, A) would have linked up as they propagated 
transcrystallinely outward to the surface (fig. 22, B); 
no cracking was visible at the surface of the neck 
section of this specimen (fig. 25, B). In such fail- 
ures, appreciable necking occurs and the “‘so-called 
breaking or fracture stress’’ is usually considerably 
higher than the true-fracture stress (fig. 19) due to the 
‘rim effect.” 

Microcracking was confined to the immediate 
vicinity of complete fracture of another specimen, 
which was extended 9 percent in tension at 80° F 
prior to testing into the second stage of creep at 250° 
F (additional extension of 7%) and finally fracturing 
at 80° F (fig. 23, F). As considerable necking with 
its accompanying rim occurred and the fracture was 
transcrystalline, it is believed that cracking was 
initiated near the axis of the specimen and not at its 
surface. That is, the creep test was carried out under 
conditions that did not nucleate at the surface a 
crack that subsequently propagated across the entire 
specimen. However, in a specimen extended at 
250° F at creep rates of about 1.5 and 37.8 percent 
per 1,000 hr (to extension of 18 and 47%, respec- 
tively), cracking was initiated at the surface (figs. 
24, ©, D; 25, C, D, FE), but evidently cracking sub- 
sequently commenced in the interior (fig. 25, F’); the 
numerous small cracks observed in the interior after 


n = etch (not clearly shown in fig. 25, F) appear 


to have originated principally at the grain bound- 
aries. In such failures, only a small amount of neck- 
ing occurs, and the path of the fracture is predomi- 
nantly intercrystalline. 

Wilms and Wood [13] described a mechanism by 
which metals deform at normal and elevated tem- 
peratures. At normal temperatures, deformation 
occurs mainly by the mechanism of slip and the 
break-down of the grains to crystallites of submicro- 
scopic size. As the temperature is raised and the 
rate of deformation is diminished, this mechanism 
is increasingly replaced by one in which the grains 
dissociate into comparatively coarse units and permit 
flow by the relative movement of these units within 
the parent grain. The units, which are termed 
“cells”, can be observed and measured. They are 
considered to be responsible for the continuous 
deformation under which characterizes the 
phenomenon of creep. 

Some changes in structural features accompanying 
plastic deformation of high-purity copper in ordinary 
tension and in creep at different temperatures are 
shown in figures 26 and 27. A lineage structure is 
evident in the equiaxed grains in the initially an- 
nealed specimen (fig. 26, A). These grains were 
elongated in the direction of the applied stress during 
the process of deforming in tension, and the degree 


stress, 


of distortion in this direction depended w 
amount of plastic extension, strain rate, and | 
ature. Relatively high strain rates and lo 
peratures both favored this condition, and t} 
gation of the grains usually attained a maxi: 

or in the vicinity of comple te fracture. Th: 
down of the original grains as plastic defo: 
proceeds is also evident by the presence of 
structure that appears to be numerous crys 
microscopic dimensions within certain of thi 
grains. Although the number and size of thes 
crystals appear to be affected by the amo 
plastic extension and test conditions, they 
observed in specimens tested under a wide rang 
conditions (compare fig. 26, B, and fig. 27, B). 7) 
general trend was for the size of the sube ‘Tystals t 
increase with increase in test temperatur 
decrease in strain rate. 

In a study of the changes in microstructure , 
single and polycrystalline aluminum plastically 
formed at different temperatures and strain rates 
Hanson and Wheeler [14] observed slip bands (spe 
men polished prior to deforming) on the surface 


single crystals at all temperatures and strain rate: 
With polycrystalline specimens, the slip band: 


used. 
without marked changes at the grain boundaries 
were observed when the specimens were strained 4 
relatively high rates and low temperature (ordinar 
tension at room temperature) but were not visible 


the specimens tested in creep at relatively slow rate: 


and high temperature. In the latter specimens th: 
did not exhibit slip bands, marked localized deform: 
tion occurred at or near the grain boundaries, a 
fracture was intercrystalline without necking 

Strain markings were quite prominent in all of t! 
copper specimens carried to complete fracture, regai 
less of the testing conditions used (figs. 26 and 27 
The markings in some of the parent grains have t! 
appearance of twins, even in the vicinity of incipier 
cracking, as is illustrated in figure 27, A, for 
men extended at the highest temperature use 
(300° F) with a strain rate of only 36.4 percent p 
1,000 hr. 


Pa | sper 


IV. Summary 


Creep tests in tension were 
temperatures and strain rates on initially brig! 
annealed oxygen-free high-conductivity (OFH( 
copper. The testing program included a study « 
the influence of thermal and strain history, rate o 
loading to the ultimate, sudden 
from one to another constant value, and chang: 
test temperature on creep behavior and_ plas 
deformation. Metallographic examinations an 
hardness measurements were carried out at root 
temperature on specimens representative of t 
copper before and after testing in creep. In additi 
tensile provided data on true-stress-stra 
relations at room temperature on specimens 
annealed or as previously extended at elevat: 
temperatures into the second or third stage of cree} 


tests 


The prior thermal and strain history and 
loading to the ultimate affected markedly the amo 
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tic deformation and creep behavior. The 
trend was for the degree of plastic deforma- 
d creep rate in the second stage to decrease as 
of loading was increased. 
strain rate during the second stage of creep 
t constant but varied with time in a cyclic 
The trend was for the amplitude of these 
to decrease with increase in both stress and 
rature. 
ome cases, the beginning of the third stage of 
p was accompanied by cracks of microscopic 
nsions, but the presence of such cracks are not a 
\isite for the initiation of the third stage of 
n high-purity copper. 
positions at which cracks were nucleated and 
course of their propagation were affected by the 
conditions. Cracking started at or near the 
axis of the specimen tested in ordinary tension at 
temperature. These discontinuous cracks 


room 


ted as they propagated transcrystallinely outward 


toward the surface, and appreciable necking oc- 
curred in the specimen before complete rupture 
Cracking started at the surface of a specimen tested 
nto the third stage of creep at 250° F, but at a later 
stage numerous small cracks were also nucleated in 
ts interior, principally in the parent grain boundaries 
Complete rupture occurred in this specimen without 
appreciable necking and the fracture was predom- 
inantly intererystalline 

The degree of necking, ductility at the beginning 
of the third stage and at complete rupture, and the 
propensity to transcrystalline fracture of the speci- 
mens tested in creep increased with an increase in 
temperature constant) and with a de- 
in temperature (strain rate constant 

Metallographic examination showed the break- 
down of the original grains of the copper that 
with plastic deformation under a_ wide 
ange of test conditions. Strain markings were also 
observed in all specimens that were carried to com- 
rupture. markings had the 
appearance of twins. 


strain rate 


crease 
ort urred 
these 


plet Some of 


Darr, C. R 


assistance In 


The authors are indebted to J. H. 
Johnson, and F. A. Wilkinson for 
making many of the measurements of creep. 
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URE 23. Effect of temperature, rate, and plastic deformation on microcracking 
Longitudinal s ions near axis of specimen, except as indicated, etched in equal parts of NH,OH and HO 
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Ficure 25. Effect of testing conditions on the initiation of microcracks. 


Longitudinal sections, A, B, E,and F etched in equal parts NH,OH and H QO: (3%), Cand D unetched. Original magnificat 
<100 (reduced one-tenth in reproductior 


Remark 
rempera Strain 
ture rate 


1,000 hr 
60,000 | Structure at the axis of necked section of specimen shown in fig. 24, A and B 
60,000 | Structure at the surface of the necked section of above specimen 


,> g |, Structure at the surface of necked section of specimen shown in fig. 24, Cand D 


37g |p ame as C, except that the surfaces are diametrically opposite 
g |;Same section as C, after etching 


Same section as C, structure at the axis of the specimen 


! 
j 
{ 
j 
{ 
j 
| 
j 


37.8 





Ficure 26. Effect of testing conditions on the structure of copper initially as annealed. 


Longitudinal sections etched in 3.5 parts glacial acetic acid, 4.5 parts nitric acid (cone.), and 2 parts absolute alcoho: 
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Purification, Purity, and Freezing Points of Twenty-Nine 
Hydrocarbons of the API-Standard and API-NBS Series’ 


By Anton J. Streiff,?* Laurel F. Soule,? Charlotte M. Kennedy,’ M. Elizabeth Janes,’* Vincent 
A. Sedlak,? Charles B. Willingham,‘ and Frederick D. Rossini * 


This report describes the purification and determination of freezing points and purity 
of the following 29 hydrocarbons of the API-Standard and API-NBS series: 2,2,4,6,6- 
pentamethylheptane; 1,1,2-trimethyleyclopropane; cis-2-hexene; cis-3-hexene; 2-methyl-1- 
pentene; 4-methyl-l-pentene; 3-methyl-trans-2-pentene; 4-methyl-cis-2-pentene; 4-methvl 
trans-2-pentene; 4,4-dimethyl-l-pentene; 4,4-dimethyl-trans-2-pentene; 2,3,3-trimethy]-1- 
butene; trans-4-octene; I-nonene; l-decene; l-undecene; 1,3-butadiene;1,2-pentadiene 
1,cis-3-pentadiene; 1,trans-3-pentadiene; 1,4-pentadiene; 2,3-pentadiene; 2-methyl-1,3-buta- 
diene (isoprene); 1,5-hexadiene; 2,3-dimethyi-1,3-butadiene; 4-ethenyl-l-cyclohexene- 
(4-vinyl-l-cvclohexene) ; cis-decahydronaphthalene; trans-decahydronaphthalene; 2,3-dihy- 
droindene (indan). 


nvestigation was performed at the National Bureau of Standards as part of the work of the American Petroleum Institute Research Project 6 on the 
cation, and Properties of Hydrocarbons 

earch Associate on the American Petroleum Institute Research Project 6, 

ent address: Carnegie Institute of Technology, Pittsburgh, Pa 

ent address: Mellon Institute of Industrial Research, Pittsburgh, Pa. 
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give complete information for each distillation for 
each of the compounds 

Details of the distillation apparatus and operations 
are described in reference [6] 

Figures 1 to 50 inclusive show graphically the 
results of the distillation operations listed in table 1 
These figures give each of the following properties 
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as a function of volume of hydrocarbon distillate: the 
refractive index (np at 25° C, to +0.0001), the boil- 
ing point of the distillate (at the controlled pressure 
of 725 mm Hg, to +0.01° C), the freezing point of 
selected fractions of hydrocarbon distillate (in air 
at | atm, usually with a precision near +0.003° C), 
and the purity of the hydrocarbon distillate. The 
letters W, X, Y, and Z, indicate the disposition of the 
material as follows: W, returned to the laboratory 
supplying the material; X, blended for redistillation; 
Y, used for the API-Standard material; and Z, used 
for the API-NBS material 

As demonstrated in the previous reports [2, 3, 4, 5], 
the blending of fractions of distillate for the prepara- 
tion of material of the highest purity can be done 
safely only on the basis of the freezing points of 
selected fractions 
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FIGURE 30. First distillation of 1-decene. 
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Ficure 34. First and only distillation 
of 1,2-pentadiene. 
Regular distillation at 725 mm Hg in still 11A 
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Ficure 43. First and only distilla- 
tion of 2,3-dimethyl-1 ,3-butadiene 


Regular distillation at 725 mm Hg in still 
$(11/26/48 to 12/20, 48). 


Ficure 41. Second and final distillation of 2-methyl-1,3-buta- 
die ne (isoprene) 


Regular distillation at 725 mm Hg in still 2A (10/7/47 to 11/17/47 See footnote 
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Ficure 45. Second and final distillation of ,-ethenyl-1-cyclohexene (4-vinyl-1- 
cyclohexe ne). 


Regular distillation at 725 mm Hg in still 4(5/3/48 to 6/28/48 See footnote q of table 1. 
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FiguRE 49 First distillation of 2,3-dihydroindene 
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Regular distillation at 725 mm Hg in still 12(5/15/45 to 6/13/45 





Figure 48. 
lation of trans-decahydronaphthalene 


Regular distillation 


Second and final distil- 


11A (3/16/48 to 5/10/48 


Ficure 50. Second and final distillation 
of 2,3-dihydroindene (indan) 


Hy 


Regular distillation at 725 mm 
4/18/48 to 4/9/48 
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